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Magnesium injury of wheat 


Sam F, TRELEASE AND HELEN M. TRELEASE 


(WITH TWO TEXT FIGURES AND PLATES 5-8) 


A pronounced pathological modification of leaves of young wheat 
plants growing in culture solutions was described by Tottingham (1914) 
and termed by him magnesium injury. The most characteristic form of this 
leaf injury is represented by a rolling and coiling of the young leaf during 
emergence from the sheath. The symptoms of magnesium injury of wheat 
are so conspicuous and distinctive that this disease furnishes a remarkable 
example of growth derangement resulting from disturbed salt nutrition. 
This injury was described by Tottingham (1914), Shive (1915), and Tre- 
lease (1920) as characteristic of cultures whose solutions had high ratios 
of magnesium sulphate to calcium nitrate. The occurrence and severity of 
magnesium injury appear to be definitely related to the ionic ratio of 
magnesium to calcium in the culture solution. The production of this in- 
jury is one of the most striking cases in which a clear relation has been 
demonstrated between an ionic ratio and the development of the plant. 

The experiments reported in the present paper were undertaken with 
the aim of obtaining further information concerning the nature and symp- 
toms of magnesium injury of wheat and the conditions determining its 
appearance in plants grown in solution cultures. In particular, this study 
was planned to include tests that would indicate more clearly than previ- 
ous work whether the characteristic symptoms are to be ascribed to mag- 
nesium toxicity or to calcium deficiency. 


GENERAL METHODS 


The culture methods employed in this study were essentially the same 
as those described in previous papers (Trelease and Livingston, 1924; 
Trelease and Trelease, 1924, 1928). Marquis spring wheat (supplied by 
the University of Saskatchewan) was soaked for three hours in distilled 
water and then germinated on wet filter paper in glass culture dishes (24 
cm. in diameter). When the primary root of each seedling was about 6 mm. 
long, selected seedlings were placed upon paraffined bobbinet stretched 
over enamelled iron pans (25 cm. in diameter and 8 cm. deep) filled with 
distilled water. Each of the pans was placed in a similar, but slightly 
larger pan, and distilled water was poured into the space between the two 
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pans until the level of the water was even with the top of the smaller pan. 
During the first two days a moist chamber was provided for the seedlings 
by placing the cover of a glass culture dish on each netting. On the next 
day selected seedlings about 4 cm. high were transferred to the culture 
solutions. 

The culture vessels were cylindrical, glazed earthenware jars (so-called 
chemical stoneware) obtained from the General Ceramics Company. 
Each jar had a capacity of about 7000 cc. For use as a culture vessel, the 
jar was nearly filled with solution and covered with a paraffined Portland 
cement disk having five circular openings, in which were set the cork 
stoppers supporting the plants (pl. 8). Each stopper bore eight seedlings, 
thus making forty seedlings in a culture. The cultures were placed on rotat- 
ing tables in the greenhouse where all of the plants were exposed to ap- 
proximately the same fluctuations in environmental conditions through- 
out the period of the experiment. 

The solutions were renewed frequently enough for each plant to be 
supplied with an amount of solution corresponding to about 56 cc. per day. 
The seedlings were grown in the culture solutions for 40 or 49 days. Notes 
were made of the appearance of the tops and roots, special attention being 
given to symptoms of magnesium injury. At the conclusion of the culture 
period the tops of the individual plants of each culture were harvested 
separately and dried for 20 hours, to an approximately constant weight, at 
101° C. The top dry weight of each plant was then determined. 

Four series of cultures are described in the present paper. Data for 
these are shown in tables 1-4, respectively. Each table gives the period of 
the experiment and the culture solutions employed. It also shows the data 
that were obtained for magnesium injury and dry weights of tops. The 
first series was carried on in one of the old greenhouses of Columbia Uni- 
versity; the last three series were conducted simultaneously in the new 
roof greenhouse, which forms the twelfth story of Schermerhorn Exten- 
sion. 

SYMPTOMS OF MAGNESIUM INJURY 


Injury of the third leaf 


Emergence of tightly rolled leaf apex. Magnesium injury becomes visible 
after young wheat plants have grown in the culture solutions for from 
nine to twelve days, when the young, third leaf is just emerging from the 
sheath. The coleoptile and the first and second green leaves develop nor- 
mally. But the third leaf of some cultures shows characteristic symptoms 
of injury. As it emerges from the sheath, the injured leaf is much more 
tightly rolled than a normal leaf. The rolling of the leaves is in the same 








58 


[VOL. 


"Y}BIYSs Woy PoFIIWIa pey S2Av2] YIINOJ ON p 
"yyeOYs WOIJ poZ9W9 pey Soave] YIINOJ G ATUG o 
"YBIYS WIJ paZi9uIa pey S9ava] YIINOJ GZ ATUO q 
*OS°d W 100000 Put “ON*HN W Z00'0 *OS*X W 2000 *Od*H W 2000 peutezuoo osje UoNNjOs YouG » 
































a rs L°0+0°79 OOT pOb oot Ov 0$0000°0O $z00°0 00°0S 8 
7 8s L'OFE'L9 0OT ob OOT OF 880000 °0 $Z00°0 LS°87Z L 
is 19 O'T+T'OL OOT q0P £6 Le £S1T000°0 $z00°0 6¢ OT 9 
~ tl F'1+¢'78 OOT OF ¢¢ eT £97Z000°0 $Z00°0 Sf*6 $ 
2 78 6° 1 F9°66 86 6¢ g 4 £90000 $Z00°0 se"s t 
{2} 88 77+ 101 8Z Ie ¢ T £18000°0 $Z00°O 90°¢ £ 
6 7°27 +7°801 st L 0 0 6Z¢100°0 $Z00°0 SLT Z 
ty OOT V'2+T'Stt ¢ if 0 0 00$Z00°0O $Z00°0 00'T T 
-) sunsdun Ww Nn 

Z " "oan Pu — renyoy ; o8uyua0l0g ae ipa sequin “ts " @Beyuaoeg soquinN 

- yea] qynog Je] pay, meedeboamaes om: 12 20 /3%4 mousa0s 
— SLHDIZA AG NVGA 

Y AUOINI KOISENOVA 


























we’ [ Satsas sof asoyy sv yoas3 sv yyanof-auo 
94D SUOIINIJOS ASIY] Ut APL4sO]YI UEN1IqDI PUD aprsozYy? wMisaUTDU fo SUuoLJD4UIIUO? JONIIy ‘ap14ozYy? weNLIqIDI 04 aprsozy? wenisauTDou fo O14D4 ayy Ut FutK ava 
suornjos aanyno ur ‘Qgg] ‘Qf 4equsaraq 04 [¢ 4090}9CQ most ‘skop Op sof unosd ‘2 sarsas fo spunjd yooym fo sgoq fo syy3tam Kap uvaw pun Kanlur wnisouso py 


6 TIavL 


130 











1931) TRELEASE: MAGNESIUM INJURY OF WHEAT 131 


direction as that of the normal young leaf—that is, the upper surface of the 
blade remains inside (fig. 4, pl. 6; fig. 9, 10, 11, pl. 7). The injured leaf is 
darker green in color than a healthy leaf, and it grows out of the sheath 
at a slower rate (fig. 2, pl. 5). The apical portion that has emerged does not 
unroll subsequently; it dries and remains as a stiff, wire-like structure, that 
may be erect or sinuous. 

Spiral deformation within sheath. The most striking and characteristic 
abnormality of a leaf affected with magnesium injury is a spiral deforma- 
tion that develops below the tightly rolled apical portion (fig. 3, pl. 5; fig. 
4,5, 6, pl. 6; fig. 8, pl. 7). The spiral forms within the sheath while the nee- 
dle-like apical portion of the leaf is emerging. The spiral develops as a re- 
sult of the failure of the apical part to move upward through the sheath as 
rapidly as elongation occurs at the base of the leaf. A wilting or withering 
of the leaf tissues appears to occur in the region of the spiral, and continued 
growth pressure from below crushes a considerable length of the enclosed 
leaf into a close spiral, which may vary in length from a few millimeters to 
a centimeter or more. The upper part of the surrounding sheath seems to 
be rolled so tightly that it obstructs the upward movement of the distal 
portion of the leaf. The spiral that is produced does not wind continuously 
in one direction; the direction usually is reversed several times, with com- 
pact, irregular loops separating the more perfectly formed spiral regions. 

The mechanical process by which the spiral is formed may be simulated 
by forcing a considerable length of wire into a glass tube, closed at the far 
end and having a bore several times the diameter of the wire. The resulting 
distortion of the wire, into a close spiral with several reversals of direction, 
appears to be essentially the same as that of the leaf. Pressure from below, 
rather than a contraction within the region of the spiral, results in the coil- 
ing. Yet a spiral that has been lengthened by application of tension con- 
tracts partially when the tension is released. 

Severely injured portions of the leaf exhibit a dark-green color that 
suggests an infiltration of intercellular spaces with liquid. The compressed, 
dark-green spiral may be seen as a silhouette within the translucent sheath 
if the plant is viewed by transmitted sunlight. This may be seen with 
special clearness when an injured fourth leaf is contained within the sheath 
of a normally developed third leaf. 

Emergence of spiral from sheath. In cases of very severe injury, growth 
of the injured leaf soon ceases, so that only the very tightly rolled, dark- 
green apex of the leaf emerges from the sheath (fig. 2, pl. 5). But if injury 
is less severe, basal growth of the leaf continues for some time and the 
coiled part of the leaf emerges from the sheath (fig. 3, pl. 5), followed by a 
rolled portion below the spiral. The spiral generally assumes a horizontal 
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° Only 4 fourth leaves had emerged from sheath. 


b Only 7 fourth leaves had emerged from sheath. 
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or drooping position after emergence (fig. 4, 5, pl. 6; fig. 8, pl. 7). Rarely, 
a second spiral forms within the sheath and later emerges (fig. 6, pl. 6). 

Emergence of lower portion of leaf. As just mentioned, if the injury is 
very severe, only the needle-like apical portion, from one to five centime- 
ters in length, emerges from the sheath. In rare cases emergence of the 
lower part of the leaf occurs through the side of the enveloping sheath 
rather than at the top (fig. 7, pl. 6). The apex of the leaf may first emerge 
for a short distance out of the opening at the top of the sheath. Then a part 
of the leaf several centimeters long wilts, becomes very thin and thread- 
like, and remains irregularly coiled and looped within the sheath. Finally 
a region below this remains turgid and, though greatly distorted, is forced 
out through the side of the sheath, unrolling the latter sufficiently to per- 
mit a considerable portion of the leaf to emerge. 

If the injury is somewhat less severe, the spiral issues at the top of the 
sheath, followed by a tightly rolled portion that does not expand after 
emergence. When the injury is milder, the part of the leaf below the spiral 
emerges rapidly and expands normally; at maturity the leaf attains the 
same length as that of an uninjured leaf, twenty to twenty-five centime- 
ters (fig. 9, pl. 7). A still lower degree of injury is characterized by the for- 
mation of a long, loose spiral, several centimeters in length, followed by a 
normally expanded blade (fig. 10, pl. 7). 

In other cases no spiral is formed. Below the tightly rolled apex emer- 
gence is rapid, and the only sign of injury in the lower portion is the pres- 
ence in the expanded leaf of one or more marginal lacerations, sometimes 
extending to the midrib (note laceration in fig. 10, pl. 7). Very slight in- 
jury of many leaves is indicated by a tightly rolled apical portion, often 
from one to three centimeters in length (fig. 11, pl. 7). The tip of the leaf 
is closely rolled as it emerges from the sheath and it fails to expand later. 
But the rest of the leaf emerges and unrolls normally and reaches the usual 
size of healthy leaves. This type of slight injury is frequently observed in 
rapidly growing plants, and it has only slight influence on final dry yields. 
Leaf injury apparently never occurs in leaves that have emerged normally 
and have developed to the usual size. Old leaves frequently exhibit rolled 
apices, which remain green for some time and finally die and become yel- 
low. But apical injury of these leaves appears always to have occurred 
while the leaf was in an early stage of its development and emerging from 
the sheath. 

Leaf-tip abscission. Abscission of the tightly rolled, needle-like tips of 
injured leaves frequently occurs. In the most severely injured plants leaf- 
tip abscission may take place after the seedlings have been in the culture 
solutions for only ten days. The tip, two or three centimeters long, then 











134 BULLETIN OF THE TORREY CLUB [VOL. 58 


breaks from the plant at the sheath opening (position clearly shown in fig. 
2, pl. 5); subsequent examination of the plant may reveal no external sign 
of the injured leaf. Most of the leaf tip is dark-green in color when it be- 
comes separated from the plant; a yellow discoloration usually extends 
only a very short distance above the point of abscission. When the injury 
is less severe, abscission may occur later, at the base of the spiral after that 
has emerged. In cases of very slight injury the rolled apex frequently be- 
comes yellow and dry, but it usually remains attached to the rest of the 
leaf (fig. 11, pl. 7). 
Injury of the fourth leaf 


The symptoms of magnesium injury of the fourth leaf are similar to 
those just described for the third leaf. Injury of the fourth leaf tends to be 
of more general occurrence, however. In many cases the fourth leaf is af- 
fected even though the third leaf has escaped injury. Thus, eighty per cent 
of the fourth leaves of a culture may be affected after all but two per cent 
of the third leaves have escaped injury. If the third leaf has been very 
severely injured, the fourth leaf usually fails entirely to emerge from the 
sheath, though in rare cases emergence may occur at a lower point than 
normal, through the side of the sheath. The fifth leaf may exhibit the typi- 
cal symptoms of magnesium injury even though earlier leaves have de- 
veloped normally. 

Other derangements accompanying magnesium injury of leaves 

Dark-green color of leaves of injured plants. Leaves of plants suffering 
from magnesium injury are greener in color than those of normal plants. 
This suggests a direct relation between the color and the amount of magne- 
sium present in the cells. The greenness of the foliage is roughly propor- 
tional to the severity of the magnesium injury; the color of the foliage is 
darkest in the most severely injured plants, and the depth of green de- 
creases in passing from severely to slightly injured plants. The apical parts 
of the severely injured leaves generally die and then become yellow or 
brown, but the living parts remain dark green in color. 

Premature tillering associated with leaf injury. A number of tillers de- 
velop prematurely on plants exhibiting the most pronounced abnormali- 
ties of leaf development, and the tillers themselves show characteristic 
symptoms of magnesium injury. These tillers usually arise at the time 
when the third or fourth leaf is appearing on normal plants, and they de- 
velop in greatest numbers on plants which are so severely injured that the 
third or fourth leaf fails to emerge fully from the sheath. This suggests 
that such premature branching from the base of the stem is a response to 
severe injury of the stem apex, resulting in loss of apical dominance. 
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Anatomical and histological studies would be of great interest in this con- 
nection. Premature tillering of course is not a specific symptom of magne- 
sium injury. It is very conspicuous, for example, in plants suffering from 
strontium poisoning. The tillers that develop as a result of magnesium 
toxicity generally exhibit the characteristic symptoms of magnesium in- 
jury (fig. 1, pl. 5). 

Inhibition of root development. Root development may be markedly 
retarded in plants exhibiting symptoms of the most pronounced leaf in- 
jury. Growth in Jength, both of the main roots and of their lateral branches, 
proceeds less rapidly and ceases earlier than in the less severely injured 
plants. Thus, a stunted root system is associated with severe magnesium 
injury of the foliage. Root development is apparently normal, however, 
if injury to the tops is slight. 

Production of adventitious roots. Extremely severe magnesium injury of 
the primary root of a wheat seedling often results in the early development 
of several adventitious roots. Six roots, instead of the usual two or four, 
frequently push out from the young seedling at about the same level as the 
central primary root, and then still another adventitious root may emerge 
very early from the stem, just above the primary root. These adventitious 
roots seem to develop prematurely as a response to severe injury of the 
primary root. They appear to be less sensitive to the toxic medium than 
the primary root and the first lateral pair of seminal roots, since they fre- 
quently grow to a much greater length in the solution. This suggests the 
possibility that these roots are less permeable to the toxic substance. The 
development of several adventitious roots of this kind, however, is not a 
specific symptom of magnesium injury; it may result also when other 
poisons—copper salts, for example—are supplied in highly toxic concentra- 
tions. 

CONDITIONS INFLUENCING MAGNESIUM INJURY 


Magnesium injury in relation to the ratio of magnesium to calcium 
in the culture solution 


The occurrence of the characteristic form of leaf injury described in 
the preceding section of this paper has been shown to depend upon the 
ionic ratio of magnesium to calcium in the culture solution (Tottingham, 
1914; Shive, 1915; Trelease, 1920). This is one of the few cases thus far 
reported in which a clear relation has been demonstrated between the 
value of an ionic ratio and the development of the plant. 

Tottingham (1914) employed eighty-four solutions containing KNO,, 
KH,PO,, Ca(NOs)2, and MgSO, in each of three series of wheat cultures. 
All possible proportions of the four salts were used that could be produced 
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by varying each salt by one-tenth of the total osmotic concentration of all 
salts. The three series had concentrations corresponding to 0.05, 2.50, and 
8.15 atmospheres, respectively. No leaf injury was observed in the cultures 
of the first series. But the characteristic rolling and coiling of the young 
leaves, termed magnesium injury by Tottingham, was conspicuous in the 
second and third series, having the higher concentrations. Magnesium 
injury was clearly related in these series to the ratio of magnesium to cal- 
cium in the solutions. The cultures characterized by the highest values of 
this ratio were all severely injured, those with the lowest values were free 
from injury, and those with intermediate values showed some injury. No 
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Fig. 1. Magnesium injury of wheat plants as related to the magnesium-calcium 
ratios of the culture solutions. Abscissas represent magnesium-calcium ratio values 
plotted on a logarithmic scale. Ordinates represent percentages of leaves exhibiting 
magnesium injury. 

Graphs for series 1-3 are plotted from the data of tables 1-3. 


injury occurred with ratio values below 0.40, when the osmotic value was 
2.50 atmospheres, and none appeared below 0.28, when the osmotic value 
was 8.15 atmospheres. 

Shive (1915) found that when his three-salt solutions, containing 
KH,PQ,, Ca(NOs)2, and MgSO,, had an osmotic value of 1.75 atmospheres 
and magnesium-calcium ratios of less than 1.5, the plants were free from 
magnesium injury, and that when the solutions had an osmotic value of 
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4.00 atmospheres this limit occurred with the ratio value 2.2. Shive demon- 
strated clearly that the occurrence of injury was set by the magnitude of 
the ratio of magnesium to calcium. It was not determined by the actual 
concentration of any one salt or ion, nor did it bear any definite relation to 
either of the ratios Mg/K or Ca/K. 

Trelease (1920) used eighty-four solutions like those of one of Totting- 
ham’s series but with KNO; replaced by KCl. With these solutions having 
an osmotic value of 1.60 atmospheres, severe magnesium injury was clearly 
confined to ratio values that lay between 1.65 and 13.43 (the highest 
tested); slight injury occurred when the magnesium-calcium ratios lay 
between the limits 0.81 and 3.64; and entire freedom from this form of 
injury was shown in the cultures which had ratio values below 0.81. 

Severity of injury as related to the magnesium-calcium ratio. Series 1-3 
of the present study bring out a very clear relation between the severity 
of magnesium injury and the ratio of magnesium to calcium in the culture 
solution. The results are presented in tables 1-3 and they are plotted in 
figure 1, in which the abscissas represent the ratios of magnesium to cal- 
cium (plotted on a logarithmic scale) and the ordinates represent the per- 
centages of leaves exhibiting magnesium injury. 

The graphs of figure 1 show that a marked rise in the percentage of 
injured leaves accompanied an increase in the value of the ratio of mag- 
nesium to calcium. They also show that injury to fourth leaves was much 
more general than to third leaves. It is interesting to note that series 1 and 
2 gave essentially the same results, although the actual concentrations of 
magnesium and calcium were four times as great in the first series as in 
the second. This supports the conclusion that the ratio value of magnesium 
to calcium, rather than the actual concentration of either, mainly deter- 
mines the extent of the leaf injury. 

The results here noted were secured by means of variations in the ratio 
of MgCl, to CaCl. Since a common anion was employed, the effects may 
be attributed to the cation ratio of magnesium to calcium. Tottingham, 
Shive, and Trelease varied the proportions of Ca(NO;)2 and MgSO,, and 
so the effects they recorded might have been due to the nitrate-sulphate 
ratio. 

The more general occurrence of injury to the fourth leaf than to the 
third is strikingly brought out by the graphs for series 2 and 3. Injury was 
never observed in the coleoptile, nor in the first and second green leaves. 
The fourth leaf often was affected even though the third escaped. In some 
cases the fifth or the sixth exhibited injury after all of the others had been 
free from it. When the plants had grown for a sufficiently long period to 
allow the development of seven leaves, the number of leaves affected on 
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each plant was greatest in the cultures supplied with solutions of moderate 
toxicity. The fourth, fifth, sixth, and seventh leaves of such cultures often 
showed slight injury, whereas the corresponding leaves did not emerge at 
all in the cultures that had the most toxic solutions. 

The curves of figure 1 show that equivalent magnesium-calcium ratios 
produced considerably less injury in series 3 than in series 1 and 2. This 
observation supports the indications recorded in the papers of Tottingham 
and Shive that the simple ratio of magnesium to calcium does not com- 
pletely determine the quantitative expression of magnesium injury. The 
solutions of series 3 have much higher absolute concentrations of calcium 
and magnesium than those of the other two series. Thus in the solution 
of series 3 for which the magnesium-calcium ratio is 16.39, the actual con- 
centration of calcium is 5.36 times the corresponding concentration in 
series 1 and it is 21.44 times that in series 2; the concentration of mag- 
nesium in the solution of series 3 is, of course, correspondingly high. With 
equivalent ratio values, magnesium injury was less pronounced in these 
cases when the actual contents of calcium and magnesium were very high 
than when they were relatively low. It is to be noted that the severity of 
magnesium injury was essentially the same in series 1 and series 2, al- 
though the actual concentrations of calcium and magnesium were four 
times as high in the former series as in the latter. But with the still higher 
calcium and magnesium contents of series 3, the injury was less severe. 
These cases suggest that when the actual concentration of magnesium 
was greatly increased, magnesium toxicity could be checked without in- 
creasing the calcium in the same proportion. 

Antagonistic salt action illustrated by magnesium injury. The direct 
relation between the severity of magnesium injury and the value of the 
ratio of magnesium to calcium in the culture solution appears to afford a 
clear case of antagonistic salt action. The effect of calcium in diminishing 
the magnesium injury of wheat seems to be similar to many cases of salt 
antagonism reported in the literature (Loew, 1892, 1903; Loew and May, 
1901; Loeb, 1906; Osterhout, 1922; McCool, 1913; Hansteen, 1910; Tre- 
lease and Trelease, 1925, 1926; Eisenmenger, 1928; Barton and Trelease, 
1927). Leaf development may thus be used as a criterion of toxicity and 
antagonism in the same way that growth rate, duration of life, electrical 
conductivity of tissues, and rate of absorption or excretion of electrolytes 
have been employed in many studies. 

Magnesium injury of the foliage does not occur when the concentra- 
tions of magnesium and calcium are properly balanced in the culture solu- 
tion. The absorption of magnesium is probably retarded when a sufficient 
proportion of calcium is present in the solution. And we may suppose that 
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the magnesium which is absorbed from the balanced solution produces no 
harmful effects, because it is accompanied by a suitable quantity of cal- 
cium. 

Apparent specificity of magnesium injury. The characteristic deforma- 
tion of the foliage which has been described as magnesium injury appears 
to be a specific effect of magnesium toxicity, associated with culture solu- 
tions having high magnesium-calcium ratio values. No other solution 
condition capable of producing identical symptoms was discovered in the 
extensive studies of Tottingham and Shive, and none seems to have been 
reported by other investigators. It is true that symptoms similar in some 
respects to those of magnesium injury have been described by Gericke 
(1922) as occurring in wheat plants supplied with a simple solution of 
potassium sulphate, potassium nitrate, or potassium dihydrogen phos- 
phate. The relation of these symptoms to those of magnesium injury is not 
entirely clear, however. A repetition of Gericke’s tests confirmed his ob- 
servation that the young third leaf emerged from the sheath in an abnor- 
mally tightly rolled condition and that abscission of the leaves often oc- 
curred. Thus the initial symptoms were undoubtedly similar to those of 
magnesium injury. But the plants in simple solutions of the potassium 
salts died after from two to three weeks, and none of them developed the 
spiral deformity that is the most characteristic sign of magnesium injury. 

A striking resemblance to magnesium injury of wheat has been shown 
by the inflorescences of wheat and rye attacked by the fungus Dilophos- 
pora alopecuri (Schaffnit and Wieben, 1928). The most pronounced deform- 
ities of spikes, leaves, and leaf sheaths of wheat occurred when the plants 
were attacked simultaneously by Dilophospora alopecuri and Tylenchus 
tritici. The spikes were prevented from emerging properly from the leaf 
sheaths, and the continued growth of the culm produced spiral malforma- 
tions resembling those of magnesium injury. But the spiral deformation 
took place only in the inflorescences—not in the young leaves of the seed- 
ling plant. 

Although symptoms of young seedlings identical with those of magne- 
sium injury have not been described thus far as resulting from toxic agents 
other than magnesium, we should expect that other chemical elements or 
compounds would be capable of producing similar abnormalities in the 
growth of wheat seedlings. The response seems to involve a rather simple 
type of obstruction to growth, and there is little reason to suppose that 
magnesium is the only agent that can induce it. 

Variations in symptoms correlated with differences in the magnesium- 
calcium ratio. In the present work no attempt was made to keep quantita- 
tive records of the different types of leaf injury that occurred in the various 
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cultures. Tottingham (1914) classified the injured leaves into those exhibit- 
ing slight and those exhibiting severe injury. Shive (1915) also divided the 
injured leaves into two groups—those which were injured throughout their 
entire length, and those which were normal except for an injured apical 
region. A similar classification was adopted by Trelease (1920) in recording 
the injury: when a spiral was formed or when the whole leaf was affected, 
the injury was considered severe; when no spiral was formed and the whole 
leaf was not affected, the injury was considered slight. Considerable diffi- 
culty is encountered, however, in the use of two classes of this sort. For 
example, at a certain time the whole leaf may appear to be affected; but 
subsequent examination may show that the leaf has grown out of the 
sheath, so that all but the apical portion has developed normally. In the 
present study, therefore, exact records were kept only of the number of 
injured leaves in each culture. 

Some observations that were made with regard to the distribution of 
the different types of injury are interesting, however. It was observed that 
the most conspicuously developed long spirals occurred in the moderately, 
rather than in the most severely injured cultures. They were common, for 
example, among the third and fourth leaves of culture 5 (magnesium-cal- 
cium ratio, 9.35) of series 1 and 2. On the other hand, very few cases of 
long spirals were found in the most severely injured plants (e.g., those of 
culture 8 with a magnesium-calcium ratio of 50.00); in these plants only a 
thin, tightly rolled, thread-like portion of the leaf emerged from the 
sheath. Furthermore, the well developed elongated spirals were of more 
frequent occurrence among fourth leaves than among third leaves. Slightly 
injured leaves, in which the apical portion remained rolled while the 
lower part emerged and developed normally, were of course produced 
in the greatest numbers in the less toxic solutions, with relatively low 
magnesium-calcium ratios. 


Magnesium toxicity and calcium deficiency 


The question may be raised as to whether the growth derangements 
that have been termed magnesium injury are to be attributed to mag- 
nesium toxicity or to calcium deficiency. Sufficient information, however, is 
hardly available as yet for a definite answer. 

It has been clearly shown that injury to the foliage does not occur when 
the concentration of magnesium is sufficiently low in relation to that of cal- 
cium. As the magnesium-calcium ratio value is increased, the injury be- 
comes more and more severe. This relationship in itself suggests magnesium 
toxicity as the controlling condition. It may be supposed that magnesium 
is absorbed rapidly enough to be injurious when supplied in solutions that 
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have a relatively low calcium content; or it may be considered that mag- 
nesium exerts its toxic effects when entering the plant unaccompanied by a 
sufficiently high proportion of calcium. Many studies have shown that 
simple solutions of magnesium salts are highly toxic to roots, but that this 
toxicity disappears if a sufficient proportion of calcium is added to the cul- 
ture solution (see, for example, Trelease and Trelease, 1926). On the 
other hand, the effects of calcium starvation are relatively slow in making 
their appearance; the roots of young wheat seedlings make rapid and 
apparently normal growth for a number of days in distilled water, which of 
course is devoid of calcium. Sufficient calcium to supply the needs of the 
plant is probably furnished by the material stored in the seed. These 
facts seem to support the idea that the abnormality of leaf growth is de- 
pendent upon magnesium toxicity. 

If the foliage symptoms are to be regarded as due to calcium starva- 
tion, we must suppose that sufficient calcium for normal leaf development 
cannot be absorbed when there is an excess of magnesium in the solution 
surrounding the roots, or that the calcium, even though absorbed, is un- 
available for proper utilization by the plant when accompanied by an 
excess of magnesium. 

The cultures of series 4 seem to throw some light on this question. 
They appear to furnish evidence that the injury is due to magnesium 
toxicity rather than to calcium starvation. It will be noted from table 4 
that the first solution had a magnesium-calcium ratio of 16.39, and that 
this solution produced typical injury in 85 per cent of the third leaves. 
The other solutions contained strontium chloride in increasing concentra- 
tions. It is apparent from these data that the addition of strontium chlo- 
ride had a definite inhibiting effect on the injury to the third leaf. When 
the fourth leaf is considered, however, no inhibition of magnesium injury 
is evident. Strontium exerted its own toxic effect. Concentrations of stron- 
tium high enough to check magnesium injury of the third leaf were so 
toxic to the plant that they prevented the fourth leaf from emerging from 
the sheath. 

The observations on the third leaf, however, indicate that strontium 
was able to delay the appearance of the characteristic symptoms of magne- 
sium injury. The partial inhibition of magnesium injury by strontium 
points to the conclusion that this injury really is due to magnesium toxicity 
rather than to calcium starvation. 

Studies of the influence of variations in the total concentration of the 
culture solution afford additional evidence against the idea that calcium 
deficiency produces the growth derangements that have been termed mag- 
nesium injury. It has been found that reducing the calcium concentration 
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in the external solution by diluting the culture solution does not increase 
the severity of the injury. On the contrary, it appears to decrease it. 
Thus Shive and Tottingham reported that no coiling of the leaves occurred 
in their suboptimal solutions corresponding in osmotic value to 0.1 and 
0.05 atmosphere. 


Magnesium injury as influenced by substances other than magne- 
sium and calcium in the culture solution 


Although the magnesium-calcium ratio seems mainly to determine the 
occurrence and severity of magnesium injury, there is evidence that this 
injury may be influenced by other substances present in the solution. Thus 
Tottingham (1914) observed that serious leaf injury increased rapidly as 
the partial concentration of KH,PO, increased in his solutions of high 
total concentration (8.15 atmospheres). He points out that this indicates 
an inter-relation of all solutes in determining the harmful effects of mag- 
nesium. It is suggested that the acidity of KH.PO, may have been influ- 
ential. 

Shive’s triangular diagrams representing the distribution of severe and 
slight leaf injury in his optimal (1.75 atmospheres) and supra-optimal 
(4.00 atmospheres) solutions also show that the severity of the injury 
produced by a given magnesium-calcium ratio increases with an increase 
in the partial concentration of KH,PQ,. Similarly, in another study it was 
found that the injury extended to lower values of the magnesium-calcium 
ratio when KCl was present in the solution in high enough partial concen- 
trations to constitute eight-tenths or nine-tenths of a total osmotic value 
of 1.60 atmospheres (Trelease, 1920). 

The results of these studies indicate that the injurious effect of magne- 
sium is controlled by the complex balance between magnesium and all of 
the other substances present in the culture solution. Magnesium toxicity 
may be thought of as mainly determined by the magnesium-calcium ratio, 
but as also influenced somewhat by the proportions and concentrations of 
other materials present in the solution. 


Relation of magnesium injury to the total 
concentration of the culture solution 


Characteristic magnesium injury, involving a spiral deformation of 
the foliage, has not been reported as occurring in very dilute solutions, 
even though these have high magnesium-calcium ratio values. Thus 
Tottingham (1914) found that only one young third leaf exhibited mag- 
nesium injury in his series of cultures with a total osmotic value of 0.05 
atmosphere. Although this one case developed into a severe stage, no 
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further trace of injury became visible in this series of cultures; this single 
case of injury may have been due to a specific weakness or susceptibility 
of the particular leaf involved. Pronounced injury, however, appeared in 
the cultures of the series of higher osmotic value—2.50 and 8.15 atmos- 
pheres. Shive (1915) also noted marked injury in his cultures with osmotic 
values of 1.75 and 4.00 atmospheres, but none in the corresponding cul- 
tures supplied with solutions diluted to 0.1 atmosphere. 

Severe magnesium injury, involving coiling of the leaves, occurred in 
all tested concentrations, from 7.0 atmospheres to 0.5 atmosphere, of a 
solution containing KCl, KH:PO,, Ca(NOs3)2, and MgSO, and having a 
magnesium-calcium ratio value of 13.43 (Trelease, 1920). The severity of 
the injury as well as the number of leaves affected increased with an in- 
crease in the total concentration. Even the lowest concentration that was 
tested (0.5 atmosphere) was high enough to produce the typical magnesium 
injury. 

Some incomplete series of cultures, grown during the spring of 1931, 
have shown that injury of the young third and fourth leaves occurred 
when the solution was diluted to 1/4, 1/16, and 1/64 of an atmosphere; 
but the most conspicuous and characteristic form of injury, marked by a 
coiling of the leaves, was not found in the most dilute solutions. In these, 
the young leaf emerged in a tightly rolled condition, but the development 
did not proceed to the stage in which a well developed spiral is formed. 
Cessation of growth before the fourth leaf had completely emerged made 
it very difficult to obtain an accurate record of magnesium injury. Further 
work will be necessary before a satisfactory report may be made concern- 
ing this phase of the problem. 


Relation of magnesium injury to climatic conditions 


Remarkably consistent results were obtained in series 1 and 2, although 
these series were conducted at different seasons of the year. The degree 
of injury to the third leaf in these tests was nearly the same under very 
different sets of climatic conditions. An earlier study, however, suggested 
that the occurrence of the injury might have been influenced by aerial 
conditions (Trelease, 1920). A solution with a magnesium-calcium ratio of 
1.72 and a total concentration of 1.60 atmospheres produced slight mag- 
nesium injury when used from January 11 to February 4, of 1916, but pro- 
duced no injury when used from January 23 to February 24 of the following 
year. The fact that the aerial conditions were different may possibly ex- 
plain why the injury was not apparent in the second test. Gericke (1922) 
states that magnesium injury presents itself in much greater degree under 
conditions conducive to high transpiration of the plants than to low. 
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Magnesium injury in other plants 


Oats, rye, and barley were found to exhibit symptoms of magnesium 
injury identical with those described for wheat. This observation was made 
on cultures of the other cereals grown with the wheat cultures of series 1 
and supplied with solution 6. All of the characteristic symptoms of mag- 
nesium injury developed in plants of these cultures. A series of corn cul- 
tures (Zea Mays) conducted in the spring of 1931 showed that this plant 
also develops signs of injury that resemble those of the small grains. Pro- 
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Fig. 2. Dry weights of tops of wheat plants as related to the magnesium-calcium 
ratios of the culture solutions. Abscissas represent magnesium-calcium ratio values 
plotted on a logarithmic scale. Ordinates represent dry weights in milligrams. 

Graphs for series 1-3 are plotted from the data of tables 1-3. 
nounced leaf distortion occurred in solutions of high magnesium-calcium 
ratios. Spiral deformation was less common, however, in corn. 

Tobacco also develops symptoms that resemble in some respects those 
of the grasses (Garner, McMurtrey, Bowling, and Moss, 1930). Tobacco 
plants that were grown in soil cultures with a very low supply of calcium 
in relation to that of magnesium exhibited striking pathological modifica- 
tions of the upper leaves; the aborted leaves had large indentations in their 
margins and their tips were lacking. The growing points were affected to 
such an extent that in most cases the plants were unable to flower. 


DRY WEIGHTS OF TOPS IN RELATION TO THE MAGNESIUM-CALCIUM RATIO 


The dry weights of tops for series 1-3 are plotted as graphs in figure 2, 
in which ordinates represent mean weights in milligrams and abscissas 
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represent magnesium-calcium ratios plotted on a logarithmic scale. The 
most striking feature of these graphs is the nearly linear decrease in dry 
weight with an increase in the logarithm of the magnesium-calcium ratio. 
Thus dry yields of tops are inversely proportional to the logarithm of 
the magnesium-calcium ratio (between the ratio limits 1.00 and 50.00). 
In considering the somewhat higher yields for series 1 than for series 2, it 
should be remembered that these cultures were conducted at different 
seasons of the year; the higher values of the first series are not necessarily 
correlated with the fact that actual concentrations of magnesium and cal- 
cium were four times as great in this series as in the second. The graph 
for series 3, while exhibiting some irregularity, lies definitely above those 
for the other two series. The solutions of this series had much higher actual 
concentrations of magnesium and calcium than those of either of the other 
series. It is clear from this comparison that the actual dry weights that 
may be secured depend not only upon the magnesium-calcium ratio but 
also upon other characteristics of the solution. 

No information regarding optimal magnesium-calcium ratios for 
growth is available from this study. The optimal ratio would have been 
1.00 or lower, for these experimental conditions. Since the aim of the 
present work was to study magnesium injury, solutions of low magnesium- 
calcium ratio values were omitted. Other studies (Tottingham, 1914; Shive, 
1915; Trelease, 1920) have shown that the dry yield is markedly reduced 
when solutions of very low magnesium-calcium ratio values are employed. 
Pathological symptoms of wheat which are quite different from those of 
magnesium injury may occur under these conditions; the symptoms that 
have been noted include bleaching of the tissues between the main veins 
and a general chlorosis of this foliage. The green color of the leaves becomes 
less intense with decrease in the magnesium-calcium ratio. The largest 
tops are intermediate in color. Garner, McMurtrey, Bacon, and Moss 
(1923) have shown that pronounced chlorosis of tobacco, known as sand- 
drown, is associated with magnesium deficiency. But how closely it is cor- 
related with the magnesium-calcium ratio has not as yet been thoroughly 
investigated. 

An antagonistic effect of strontium toward magnesium seems to be 
brought out clearly by the dry weights shown in table 4. The addition of 
successively higher concentrations of strontium is accompanied by a pro- 
gressive increase in dry yield, until a maximum yield is reached when the 
solution contains 0.001 M SrCl,. A further increase in the concentration 
of strontium results in a reduction of yield, due no doubt to the toxicity of 
the strontium. 
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SUMMARY 


Magnesium injury of wheat becomes visible when the young third leaf 
is emerging from the sheath. The apical portion of this leaf remains tightly 
rolled. The most characteristic abnormality is a spiral deformation that is 
produced in the lower part of the young leaf, enclosed within the sheath. 
Emergence of the leaf is checked, and continued growth pressure from 
below crushes a considerable length of the leaf into a close spiral. Later the 
spirally distorted region may emerge from the sheath, followed by a rolled 
portion. Abscission of the tightly rolled, needle-like tips of injured leaves 
frequently occurs. The characteristic leaf deformation, marked by a spiral 
distortion of the young leaves, appears to be a specific symptom of mag- 
nesium toxicity. 

Injury was not observed in the coleoptile, nor in the first and second 
green leaves. It was much more general in the fourth leaf than in the third. 
In some cases the fifth or the sixth leaf exhibited injury after all of the 
others had been free from it. 

Other derangements accompany the deformation of the foliage. The 
leaves are darker green than those of normal plants, numerous tillers de- 
velop prematurely, growth of the seminal roots is inhibited, and a number 
of adventitious roots are produced. 

The occurrence and severity of magnesium injury are mainly deter- 
mined by the ratio of magnesium to calcium in the culture solution. This 
was shown by an increased percentage of injured leaves as the magnesium- 
calcium ratio increased from 1.00 to 50.00. Magnesium injury thus appears 
to afford a clear case of antagonistic salt action. 

The leaf injury seems to be due to magnesium toxicity, rather than to 
calcium deficiency. This conclusion is supported by the observation that 
strontium was able to delay and partially inhibit the characteristic symp- 
toms of magnesium injury. 

Magnesium injury, while mainly controlled by the magnesium-calcium 
ratio, appears to be influenced by the proportions and concentrations of 
other materials present in the culture solution, as well as by the total 
concentration of the solution and possibly also by climatic conditions. 

Oat, rye, and barley seedlings exhibited symptoms of injury identical 
with those observed in wheat. Corn also developed signs of injury that 
resembled those of the small grains. 

The dry weights of tops of wheat plants were found to be inversely 
proportional to the logarithm of the magnesium-calcium ratio, between 
the limits 1.00 and 50.00 of this ratio. 

An antagonistic effect of strontium toward magnesium was brought out 
clearly in this study. The addition of successively higher concentrations 
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of strontium was accompanied by a progressive increase in dry yield, 
until a maximum was reached; further increase in the concentration of 
strontium resulted in a reduction of yield due to the toxic action of the 
strontium. 
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Explanation of plates 


PLATE 5 

Fig. 1. Wheat plant exhibiting severe magnesium injury. Tillers have developed 
prematurely, and young leaves remain rolled. Series 2, culture 5. 2.75. 

Fig. 2. Early stage of magnesium injury, showing emergence of tightly rolled 
young leaf. Apical portion remains as stiff, wire-like structure. In many cases abscission 
of this leaf tip occurs. If injury is very severe, growth of the young leaf soon ceases. In- 
jured fourth leaf of series 2, culture 4. X 2.75. 

Fig. 3. Emergence of spiral from sheath. Spiral and rolled apical portion assume 
a drooping position. Fourth leaf of series 3, culture 4. 2.75. 


PLATE 6 


Fig. 4. Spiral deformation, showing details of coil. Direction of coiling is reversed 
several times, with compact, irregular loops separating the more perfectly formed spiral 
regions. Fourth leaf of series 1, culture 5. <7.0. 

Fig. 5. Spirally distorted portion between tightly rolled apical and basal regions. 
Fourth leaf of series 3, culture 3. x6.4. 

Fig. 6. Leaf with two spirals. This type is rare. Fourth leaf of series 1, culture 5. 
2.2. 

Fig. 7. Apex of fourth leaf emerging for short distance out of opening at the top of 
the sheath. Emergence of the lower part of the leaf has occurred through the side of the 
sheath. Series 2, culture 4. 2.75. 

PLATE 7 

Fig. 8. Spiral in fourth leaf of series 1, culture 5. 7.0. 

Fig. 9. Leaf in which emergence of tightly rolled apex and spiral has been followed 
by rapid emergence and normal expansion of lower part. Fourth leaf of series 1, culture 
5. X3.5. 

Fig. 10. Slightly injured leaf, showing long, loose spiral, with normally expanded 
lamina below. Marginal laceration extends to midrib. Fourth leaf of series 1, culture 3. 
2.2. 

Fig. 11. Very slightly injured leaf. No spiral has been formed. Apex has remained 
tightly rolled, but rest of leaf has unrolled normally and has attained the usual length 
of healthy leaves. Fourth leaf of series 1, culture 4. 2.2. 


PLATE 8 


Appearance of cultures of series 2 at time of harvesting. From left to right: Top 
row, cultures 8, 7, 6, and 5; bottom row, cultures 4, 3, 2, and 1. (Small numbers in 
photographs represent original culture numbers; to facilitate presentation of results 
the order has been reversed in this paper.) Decrease in size of plants (in passing from 
culture 1 to culture 8) is correlated with increase in value of magnesium-calcium ratio. 
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Changes in root tips of wheat and corn grown in nutrient 
solutions deficient in calcium 


RONALD BAMFORD 


(WITH TWO TEXT FIGURES AND PLATES 9-13) 


The rdéle of the various mineral nutrients in plant growth has attracted 
the attention of investigators for over a century. Because of its pronounced 
effect on plant growth, calcium is one of the most interesting of the es- 
sential mineral elements. Many of the earlier workers recognized that the 
roots of plants grown in solutions deficient in calcium remain dwarfed, 
develop few lateral branches, and in time become badly discolored. On the 
other hand, if small quantities of this element are present in the culture 
solutions, these conditions do not appear or, at least, their appearance is 
greatly delayed. It is the purpose of this paper to report the results of a 
periodic examination of the cytological condition of root tips from corn 
(Zea mays L.) and wheat (Triticum vulgare Vill.) seedlings which w2re 
grown in solutions deficient in calcium. This study was made in an at- 
tempt to add to our knowledge concerning the function or physiological 
rdle of this element in the root cells of these plants. 

The literature on the réle of calcium in plant growth has been reviewed 
at frequent intervals. Loew (1899, 1901), Reed (1907), Warthiadi (1911), 
True (1922), Arrhenius (1926), Mevius (1927), and Farr (1927b) may be 
cited as among those who have presented extensive reviews of the litera- 
ture. 

Salm-Horstmar (1856) seems to have been the first to show the neces- 
sity of calcium for plant growth and the fact that it could not be replaced 
by magnesium. Stohmann (1862) demonstrated the necessity of calcium 
for the successful cultivation of corn plants, and shortly afterward Wolf 
(1864) noted that solutions of calcium salts accelerated root growth, in 
contrast with solutions of magnesium, potassium, ammonium, and sodium 
salts, which retarded it. Following these earlier investigations there were 
many speculations as to the function of this element in cellular metabo- 
lism. Holzner (1867) considered that it was necessary for the formation of 
cellulose, but later work by Mangin (1892) and others demonstrated that 
it was a constituent of the middle lamella of the cell wall. However, in a 
recent analysis of the cell walls in the meristematic regions of certain 
plants, by Tupper-Carey and Priestley (1923), calcium appears to be ab- 
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sent from the middle lamella, although they found it present in this part of 
the cell walls in the mature parts of the plant. 

Boehm (1875), von Raumer and Kellerman (1880), and von Raumer 
(1883) considered its chief function as that of aiding in the transportation 
of the starch produced in photosynthesis. Groom (1896) claimed that car- 
bohydrates were moved regardless of the presence of calcium in the tissues, 
though he considered that calcium compounds facilitated their move- 
ments. More recently, however, Maquenne and Demoussey (1922) have 
reported that calcium is the only element not necessary for the successful 
germination of pea seeds—a process in which the transportation of seed 
carbohydrates is essential. 

Loew (1892, 1899, 1901) was perhaps the first to stress the essential 
nature of calcium for normal development in all the higher plants, al- 
though his hypothesis has not been accepted by many investigators. He 
concluded that calcium functions principally in two ways: (1) it combines 
with the proteins in the formation of nucleo-proteins, which take part in 
the construction of the nucleus, and (2) it neutralizes and precipitates the 
harmful acids in the cell sap, chief of which is oxalic acid. His second con- 
tention had been advanced previously by Schimper (1890). Warthiadi 
(1911), after a series of extensive observations on Tradescantia, agreed 
with Loew. Essentially the same explanation has been offered recently by 
Parker and Truog (1921). They found that high protein content accom- 
panied high calcium content, and they assumed that the calcium neutra- 
lized an acid condition supposed to be brought about during the manufac- 
ture of these proteins. This theory has been severely criticized on the 
ground that fungi do not require calcium and still are able to produce 
large quantities of proteins and organic acids. 

Although Boehm (1875) had noted that the toxicity of certain salts 
could be lessened by small quantities of calcium, Loew seems to have been 
the first worker to study this phenomenon extensively. He thought that 
the magnesium displaced calcium in parts of the protoplast when that ele- 
ment was absent from the culture solution; also that calcium took the 
place of magnesium when that was absent, with the result that phosphoric 
acid could not be transported. In either case the normal action of the cells 
was inhibited. Upon this he framed his well-known hypothesis of “the cal- 
cium-magnesium ratio,” which stated that a specific ratio of calcium to 
magnesium was necessary for each type of plant, and that maximum de- 
velopment of the plant could only be reached when these elements were 
supplied in the optimum ratio. This hypothesis is still the subject of con- 
troversy, although the predominating evidence, aside from that furnished 
by Loew and his students, has been against the acceptance of it. McCool 
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(1913) and Lipman (1916) have presented summaries of the literature on 
this question. It is interesting to note that Haselhoff (1893), Molisch 
(1895), and Loew (1901) all believed that the toxicity of magnesium could 
be diminished by calcium but not by strontium and barium. 

Kearney and Cameron (1902) and True and Geis (1903) were appar- 
ently among the first plant workers to recognize that the antidoting powers 
of nutritive elements were not confined to calcium. At this time the con- 
ception of antagonism and physiologically balanced solutions had been ad- 
vanced by Loeb (1900) after his study on marine fishes. Shortly afterward 
Osterhout (1906, 1912) confirmed and extended Loeb’s work by his ex- 
tensive investigations on many forms of plants, including marine and 
freshwater algae, liverworts, and seed plants. In contrast with Loew’s 
views that the function of calcium in reducing the toxicity of magnesium is 
an internal one, they considered that the important action of this ele- 
ment, along with many others, takes place at the surface of the protoplast. 
Antagonistic substances, present in a balanced solution, act upon the sur- 
face of the protoplast in such a way as to mutually retard the entrance of 
one another into the cell. Loeb (1911) stated that antagonistic salts may 
have a “tanning” effect on the surface films of cells, whereby these films 
acquire those physical qualities of durability and comparative permea- 
bility, without which the cell cannot exist. Osterhout’s views, the results of 
many experiments, are summed up in his monograph (1922). He offers a de- 
tailed hypothesis of the mechanism of antagonistic action and shows that 
measurements of the electrical conductivity of tissues immersed in simple 
solutions enable one to predict what substances will antagonize each other 
and what degree of antagonism may be expected. Further indication of the 
surface effect of antagonistic ions was furnished by Hansteen (1910) when 
he grew a seedling in two different culture solutions by dividing the roots, 
and found that a plentiful supply of calcium from one solution did not re- 
duce the toxic action upon the roots that were immersed in a simple solu- 
tion of a magnesium salt. Although the principle had been emphasized 
much earlier by Loeb and Osterhout, McCool (1913) demonstrated clearly 
that antagonistic action was displayed by non-essential elements, such as 
strontium, barium, and sodium in the growth of crop plants; but calcium 
was the most effective of the elements that he tested. A valuable discus- 
sion of the literature on the subject of antagonism is offered by Stiles and 
Jorgensen (1914). 

Another line of evidence as to the function of calcium is furnished by 
the work on the toxic action of distilled water. True (1914) observed that 
distilled water inhibited root growth even if the water contained no traces 
of toxic metallic salts. He found that when lupine seedlings were placed in 
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distilled water the electrolytic conductivity of the water increased. His ex- 
planation was that the distilled water brought about the dissociation of the 
electrolytes from their points of combination in the proteins. The loss of 
these electrolytes from the roots caused an increase of the conductivity of 
the water and was ultimately responsible for the death of the cells. He also 
found that if a calcium salt were added to the water in sufficient quantity 
to make a solution osmotically equal to tap water, then the leaching of 
electrolytes did not take place. Merrill (1915a, 1915b) came to similar con- 
clusions concerning the conditions responsible for the increase in electro- 
lytic conductivity, but claimed that the death of the cells was chiefly due to 
secondary factors that affected the cells in their starved condition. He was 
able to increase the exosmosis of electrolytes by treating the roots with 
various anesthetics for very short periods of time. Hibbard (1915) also 
found that the electrolytic conductivity of distilled water was increased 
by excretion from roots. He suggested that the death of the cells might be 
due to the toxicity of substances excreted by the roots into the culture solu- 
tion. He used the extensive observations of the United States Department 
of Agriculture, initiated by Schreiner and Reed (1907), on toxic soils, to 
support his suggestion. Scarth (1924) offered another explanation of the 
toxicity of very pure distilled water. He considers the hydrogen-ion con- 
centration of the water to be responsible, explaining that the acidity of the 
water is increased by dissolved carbon dioxide. It is interesting to note that 
calcium antagonizes this toxic action. 

True and Bartlett (1912, 1915a, 1915b, 1916), after subsequent experi- 
ments, elaborated on True’s original idea that calcium prevented the ex- 
cretion of electrolytes from the roots of lupines. He also found that other 
cations, at certain concentrations, aided in preventing this loss of electro- 
lytes. However, calcium was the most effective of these cations, regardless 
of whether in a one-, two-, or three-salt solution. In later papers (1921, 
1922) True emphasized his conclusion that calcium is the most active 
agent in preventing leaching from the roots of lupines, and he suggested 
also that calcium plays an important part in cell wall formation and in the 
differentiation of tissues. He considered that the réle of calcium in cell wall 
construction may even be linked with its action in preventing the toxic 
action of other elements upon the cell. Thus, he explained, as a result of 
experiments by Dr. Eckerson in his laboratory, that when calcium is ab- 
sent from the culture solution, magnesium or potassium replaces the cal- 
cium of the middle lamella and forms magnesium or potassium pectate, 
thereby subjecting the cell to the toxic action of magnesium or potassium. 

The evidence presented by various workers is conflicting, however, and 
no general hypothesis seems to explain all of the experimental data. For 








1931] BAMFORD: CHANGES IN ROOT TIPS 153 


example, Tuewa (1926) reported that when the hydrogen-ion concentra- 
tion of the nutrient solution was kept at a pH value of seven or above, ex- 
osmosis did not occur. This seems to be in direct opposition to the observa- 
tion of Prianischnikow (1923) that the injurious action of such acids as 
nitric or hydrochloric, in weak concentrations, could be reduced by the 
addition of a calcium salt, even though the hydrogen-ion concentration re- 
mained the same. 

Brooks (1916), investigating the exosmosis in the dandelion peduncle, 
found, after testing the chlorides of calcium, sodium, and cerium, that cal- 
cium was the only cation which decreased the rate over very short periods 
of time. Osterhout (1923) employed the electrical resistance of the pro- 
toplasm to study the changes occurring in the protoplasm while active 
exosmosis was going on and concluded that active exosmosis indicated in- 
jury to the cell. Stiles and Jorgensen (1915, 1917) found that the more 
toxic the ions and the higher the concentration of those ions, the higher 
the rate of exosmosis. 

True and Merrill both suggested that their methods of measurement by 
electrical conductivity did not take into account the non-electrolytic sub- 
stances which might be excreted by the tissues and cells of the root. Very 
few observations have been made to determine the exact nature of all the 
excreted products, although many writers have assumed that some of the 
materials may be organic. Knop (1864) noted that seeds excreted both in- 
organic and organic substances into pure water. Similar observations were 
made by Hansteen (1894) and Puriewitsch (1897). Wachter (1905) ob- 
tained the exosmosis of sugar from onion scales after immersion in dis- 
tilled water. He was able to reduce this if small amounts of potassium or 
sodium chloride were added to the water. On the other hand, ether treat- 
ment produced a greatly increased excretion which he attributes to the 
death of the cells. Lepeschkin (1906) was able to obtain similar results with 
Pilobolus spores. Hansteen Cranner (1922) made extensive analyses of the 
excreted substances from various types of cells and found that phospha- 
tids made up the greater part of the organic substances excreted. This dis- 
covery led Hansteen Cranner to suggest that calcium compounds, since 
they seemed effective in reducing the quantity of the material excreted 
into the culture solutions, were active in coagulating the lipoid constitu- 
ents of the protoplasm and thus were able to reduce the entrance of toxic 
agents. Stiles (1927) found that both organic and inorganic substances 
were discharged into distilled water from cubes of fleshy roots and tubers. 
He was able to reduce this excretion by aerating the medium and thought 
that these products may come from the injured cells on the cut surfaces. 
Recent investigations by Iljin (1928) on the exosmosis of carbohydrates 
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and potassium have served to emphasize the importance of calcium in 
controlling this process. He found that this element, whether in a one-, 
two-, or three-salt solution, was the most effective in reducing exosmosis. 

Osterhout (1923) suggested that the greatest exosmosis, brought about 
by a toxic agent, probably occurs during the death of the cell. If this is so, 
we should expect to find organic as well as inorganic constituents among the 
excretion products. The whole question of the excretion of materials from 
cells has been considered in the literature from the standpoint that greater 
permeability of the membrane, regardless of what conception we may have 
of the structure of this membrane, causes increased exosmosis. Sziics (1912), 
however, doubts whether we should in general regard exosmosis as due to 
protoplasmic permeability, because in many cases the phenomena ob- 
served are not concerned with vital processes, but are the results of the 
death of the cells. Stiles (1924), after an excellent discussion of the litera- 
ture on the subject, suggests that in some cases no change may take place 
in the membrane, but that complex and indiffusible substances may break 
down into simpler and diffusible ones. An interesting point to note in this 
connection is that neither Hansteen Cranner (1922) nor Iljin (1928) was 
able to get a protein test in their analyses of the substances excreted into 
culture solutions. 

Not all the studies on exosmosis indicate that this process is such as to 
cause the death of the cells of the tissue involved. Merrill (1915a) reported 
that he was able to get seedlings to resume normal growth even after ex- 
tended exposures to distilled water for twenty days, and Steward (1928), 
after protracted leaching experiments of forty-five days duration, found 
that slices of beet could form wound tissue, thus indicating that the cells, 
had remained in a semi-permeable condition throughout the experiment. 

Direct observations on the effects of calcium on cell structure were 
first reported by Molisch (1895) on Spirogyra. Reed (1907) confirmed the 
findings of Molisch and observed that in the absence of calcium Spirogyra 
cells underwent nuclear division but cytokinesis failed and thus new cell 
walls were not formed. Similar observations were made on the root cells 
of Zea mays. He explains that the absence of new cell walls after mitosis 
in cells lacking calcium indicates that the cells were unable to form the 
fundamental ‘middle layer’ of the cell wall and, in consequence, no cell 
was formed. Loew (1899), in discussing Molisch’s observations, offered a 
similar explanation. Hansteen Cranner (1914) reported that individual 
cells or rows of cells become separated from the surface of the root in the 
elongation zone, due to the dissolution of the cell wall in the absence of cal- 
cium. Later observations (1922), already mentioned, disclose that he 
changed his conception of the function of calcium. It should be pointed out 
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that Hansteen Cranner (1914, 1919, 1922, 1926) has always stressed the 
cell wall as an important factor in determining cell permeability. This con- 
forms with his conception of the cell wall as being made up partly of proto- 
plasmic infiltrations that are continuous with the cell protoplast. 

Sorokin and Sommer (1929), in an intensive study of the root tip cells of 
Pisum sativum which were grown in culture solutions deficient in calcium, 
found that the death of the plants was associated with the degeneration 
of these meristematic cells. The degeneration was marked by the ap- 
pearance of large vacuoles and the consequent decrease in the amount of 
cytoplasm. These changes disturbed mitotic division, with the result that 
pseudoamitotic and even typical amitotic division occurred. The abnormal 
divisions sometimes resulted in the formation of binucleated cells. The 
authors suggested that the deranged mitoses might be explained by as- 
suming either that calcium is a necessary chemical constituent of the pro- 
toplast or that it is essential for the maintenance of the normal colloidal 
system of the cell. Day (1929), after an examination of the mature roots of 
the same species, reported that there were no signficant changes in the ma- 
ture structure of the plants grown in solutions deficient in calcium. 

Another conspicuous effect of calcium seems to be that of stimulating 
the growth of root hairs. Magowan (1908), Hansteen (1910), Coupin (1917) 
Kisser (1925), and Trelease and Trelease (1926a) all observed that in a 
single-salt solution containing calcium, dense growths of root hairs were 
formed, while in distilled water and in simple solutions lacking calcium 
few or no root hairs developed. Farr (1927a, 1927b, 1927c, 1928a, 1928b, 
1928c) found that all calcium salts which he tested accelerated the growth 
of root hairs of Georgia collards, but that the anions of the salts were also 
important. All these results were produced with relatively weak concen- 
trations of the salts. Addoms (1927) observed that if strong concentra- 
tions of calcium salts were used, the root hairs of wheat underwent radical 
protoplasmic changes within a few minutes. Toxic action was indicated by 
coagulation and flocculation of the protoplasm. Along similar lines Brink 
(1925) found that pollen tube growth was stimulated by the addition of 
suitable amounts of calcium salts to the culture media. 

The relation of calcium salts to transpiration has received some at- 
tention. Burgerstein (1920, p. 97-105) has summarized much of the litera- 
ture. While small amounts of various salts in mixed culture solutions may 
increase the rate of transpiration over that of plants in distilled water, 
this rate decreases when the total concentration becomes high. According 
to Reed (1910), Hansteen Cranner (1914), Chancerel (1914), and Kisser 
(1927) calcium salts in dilute simple solutions caused an increase in the 
transpiration rate. Meyer (1931), however, found that calcium salts, in the 
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concentrations he employed, retarded the transpiration of cotton plants. 
Iljin (1922) noted that calcium salts check the opening of the guard cells 
while potassium and sodium salts seem to stimulate this action. This sug- 
gests that calcium might be expected to lower the transpiring power of the 
plants. 

The penetrability of the calcium ion into plant cells has received con- 
siderable attention, and the generally accepted view is that it enters plants 
much more slowly than many other ions—more slowly than potassium, 
sodium, nitrate, chloride, etc. Fitting (1915), Tréndle (1918), and Scarth 
(1925) have come to this conclusion. Osterhout (1910), however, has 
shown that it penetrates rapidly enough to permit a ready demonstration 
of its entrance. Stiles and Kidd (1919) have shown that it enters more 
rapidly at first than later, when an equilibrium tends to become estab- 
lished. ‘ | es Le ne 

METHODS AND EXPERIMENTS 

Wheat cultures. The culture methods employed in this study were es- 
sentially the same as those used by others working in this laboratory (Tre- 
lease and Trelease, 1925, 1926a, 1926b, 1928; Barton and Trelease, 1927; 
Eisenmenger, 1928; Cotton, 1930). A predetermined quantity of Marquis 
spring wheat (supplied by the University of Saskatchewan, crop of 1930) 
was soaked in distilled water for two hours and, after a thorough washing, 
transferred to culture dishes and germinated on wet filter paper until the 
primary roots were approximately six millimeters long. At this time se- 
lected seedlings were placed on paraffined bobbinet which was stretched 
over each of a number of enamelled iron pans filled with distilled water. 
Pyrex glass dishes were substituted for the enamelled pans after the first 
experiment. Each of these dishes was placed in a slightly larger dish, and 
the space between was filled with distilled water until the level of the water 
reached the top of the smaller dish containing the seedlings. During the 
first two days of growth a moist chamber was provided for the seedlings 
by placing a Pyrex glass cake dish on top of the smaller seedling dish. Two 
days after removing this glass cover, selected seedlings (the primary root 
measuring between 4.5 and 6 cm. and the tops between 6 and 7 cm.) were 
transferred to the culture solutions. 

The culture vessels were cylindrical, glazed earthenware jars, ob- 
tained from the General Ceramics Company, having a capacity of about 
7500 cc. Each jar was nearly filled with culture solution and then covered 
with a heavily paraffined Portland cement disk having five circular open- 
ings, in which were placed the paraffined cork stoppers that supported the 
plants. Each stopper bore either five or eight seedlings per culture jar. The 
cultures were kept on rotating tables (Shive, 1915) in the new roof green- 
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house of Columbia University, and they were therefore subjected to the 
same fluctuations in environmental conditions throughout the course of 
the experiment. Artificial light, controlled by a synchronous-motor time 
switch, was used to supplement daylight from 4 to 10 p.m., except during 
the first three weeks of the first experiment, which was started before the 
installation of the lights. When the wheat plants attained sufficient height, 
they were supported by means of wire loops that were attached to dowels, 
the lower ends of which were inserted into cork stoppers. 

Corn cultures. A similar method was employed with the corn. Golden 
Eureka Dent corn (Zea mays L.) was soaked overnight, and after a 
thorough washing with distilled water it was germinated in the way de- 
scribed for wheat. When the roots were from one to two centimeters long, 
the seedlings were placed on paraffined wire netting which covered Pyrex 
dishes filled with distilled water. They remained there until the roots had 
attained a length of approximately 4.5 centimeters, and were then put in 
the culture solutions. One seedling was placed in each paraffined cork 
stopper, so that there were five plants per culture jar. 

Nutrient solutions. In experiment 1, wheat (25 plants per culture) was 
grown in solutions of three different total concentrations, corresponding to 
two, one-half, and one-eighth atmospheres of osmotic pressure. These are 
designated series A, B, and C, respectively. The salts and their propor- 
tions are listed below. 





Series A Series B Series C 
KH,PO, .005 m .00125 m .0003125 m 
K.SO, .010 m .00250 m .0006250 m 
NH,NO; .005 m .00125 m .0003125 m 
CaCl, and MgCl, .020 m .00500 m .0012500 m 
Total .040 m .01000 m .0025000 m 


In each series the ratio of calcium to magnesium was varied from 100/0 
to 0/100, as indicated in table 1, by means of eleven different solutions. A 
total of thirty-three different solutions was thus employed in experiment 
1. 

Observations and measurements of growth of the roots were recorded, 
and material was fixed for cytological study at the end of the first four 
days, at the end of seven days, and then weekly during the remainder of 
the time. 

Experiment 2 was performed by Dr. Sam F. Trelease and through his 
kindness the writer was enabled to obtain material for cytological study. 
Corn plants were grown in solutions corresponding to approximately one- 
half an atmosphere of osmotic pressure. The salts used and their propor- 
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tions are listed below, while the ratios of calcium to magnesium are pre- 
sented in table 1. Each of the nine different solutions was duplicated, mak- 
ing eighteen culture jars of plants. 


KH.PO, .002 m 
NH,NO; .002 m 
K.SO, .002 m 


CaCl, and MgCl, .0025 to .005 m 





Total .0085 to .011 m 


Material from this experiment was fixed at the end of twenty-five days. 
Experiment 3 was undertaken to supplement the data secured from ex- 
periment 1. Wheat seedlings (40 per culture jar) were grown in a solution 
of the same composition and total concentration as in series B, experiment 
1. The calcium and magnesium ratios are listed in table 1. Root tips from 
four plants were taken for fixation every two days throughout the dura- 
tion of the experiment, which was two weeks. 
TABLE 1 
Ratio of calcium to magnesium 














no exp. 1. Exp. 2. Exp. 3. 
1 100/0 63.6/36.4 2/98 
2 98/2 50/50 1/99 
3 95/5 36.4/63.6 .5/99.5 
4 90/10 24.7/75.3 0/100 
5 80/20 15.8/84.2 0/100* 
6 50/50 9.8/90.2 80/20 
7 20/80 5.7/94.3 _ 
8 10/90 3.5/96.5 —_ 
9 5/95 2/98 —_ 
10 2/98 o— sia 
11 0/100 ome —_ 














* H;BO,, in a concentration of .000045 m, was added to this culture. 


General cultural methods. To every culture FeSO, was added asa source 
of iron in a concentration of .00001 m. All culture solutions were changed 
regularly so as to give each wheat plant 60 cc. per day and each corn plant 
100 cc. Temperature records and atmometer readings were kept for each 
of the experiments. These data are presented in table 2. 

The hydrogen-ion concentration of the solutions in experiment 1 was 
taken after the renewal of the culture solutions and then again before the 
next renewal but no changes were recorded. 

Cytological methods. The plant materials were fixed in Flemming’s 
medium fluid and then infiltrated and imbedded by the usual xylol-par- 
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affin method. Sections were cut 10u thick and stained with Flemming’s 
triple and Haidenhain’s iron-alum haematoxylin stains. The triple stain 
proved the more favorable for the material concerned. 


TABLE 2 
Experimental records 




















| AVE. DAILY 
EXP. DATE TRMP. TSMP. EVAPORATION 
a. | mates FROM ATMOMBTER 

Oct. 27, 1930 

Exp. 1 to 19°C. 14°-25°C. 12.0 cc. 
Dec. 1, 1930 
Jan. 18, 1931 

Exp. 2 to 21°C. 18°-25°C. 21.1 cc. 
Feb. 17, 1931 
Feb. 22, 1931 

Exp. 3 to aac. 15°-27°C. 22.0 cc. 
Mar. 9, 1931 








RESULTS 
Gross effects 


Throughout the experiments special attention was paid to the roots of 
the plants which were grown in the solutions deficient in calcium—those 
from which calcium was absent and those in which the content ef calcium 
was low in proportion to that of magnesium. Only brief reference to the 
tops will be made in this paper, since the investigation was primarily con- 


cerned with the roots. 
TABLE 3 


Average length and dry weight of roots in experiment 1 














AVE. ROOT LENGTH IN CM. AVE. DRY WEIGHT OF ROOTS IN MGM. 
CULTURE 
m0. Series A Series B Series C Series A Series B Series C 
1 20.4 32.3 22.2 15.0 18.6 18.2 
2 21.3 20.4 18.2 19.8 15.4 16.2 
3 19.4 19.6 17.2 17.7 14.8 15.3 
4 21.5 22.2 17.7 19.4 15.8 15.9 
5 20.7 21.6 17.5 21.3 20.0 14.1 
6 19.9 21.4 18.1 23.2 19.7 18.7 
7 20.9 26.3 18.7 22.0 18.5 19.7 
8 22.3 22.9 19.1 24.0 19.9 16.9 
9 19.3 24.8 19.7 18.0 18.7 16.5 
10 17.5 24.7 16.7 17.1 20.4 15.9 
11 9.9 5.7 +e 4.0 5.3 7.0 
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W heat. The root lengths and dry weights of roots of the wheat plants of 
experiment 1 are presented in table 3, and they are shown graphically in 
figures 1 and 2. The most obvious feature of both of these figures is the 
steep slope at the extreme right end of each curve. This indicates a great 
increase in root growth’ when the proportion of calcium in the culture solu- 
tion is increased from 0 to.2 or 5 per cent of the total concentration of cal- 
cium and magnesium, Thus we notice that when calcium is absent, the 
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Fig. 1. Average length of primary wheat roots from fifteen plants grown in culture 
solutions of three different total concentrations. 


The ordinates represent growth in centimeters and the abscissas the ratios of cal- 
cium to magnesium in each solution of the three different total concentrations. 


values for root length and dry weight are very low; but when calcium and 
magnesium are in a ratio of 5/95, the root lengths and dry weights are 
practically as great as those obtained with much higher proportions of cal- 
cium to magnesium. In fact, the root growth is nearly the same throughout 
the wide range of proportions of calcium to magnesium lying between 5/95 
and 98/2. It is interesting to note that a marked rise in the curves for root 
length and dry weight occurs when magnesium was absent from the solu- 
tions of series B and C (medium and low total concentrations of salts). 
Although the experiment was carried on for five weeks, the seminal roots 
attained their maximum length in approximately two weeks; but the 
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lateral roots of most of the plants continued to develop throughout the 
entire period. Rough measurements taken periodically, when fixations 
were made, showed this to be true. 

Frequent observations showed that the roots of the plants in solution 
11 (Ca/Mg=0/100) of each series remained the same as at the beginning 
as far as length was concerned. Between the ratio values for solution 11 
(0/100) and that for solution 9 (5/95) there seems to be a definite critical 


; 
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Fig. 2. Average dry weight of wheat roots from fifteen plants grown in culture solu- 
tions of three different total concentrations. 


The ordinates represent the dry weights in milligrams and the abscissas the ratios 
of calcium to magnesium in each solution of the three total concentrations. 


range of ratio values, within which the growth in length of roots is mar- 
kedly influenced by the ratio of calcium to magnesium. 

A few days after the experiment began, the roots of the plants grown 
in solution 11 of each series, besides having made no measureable growth, 
were slightly discolored, crooked, and devoid of lateral branches. Also, the 
original five seminal or primary roots of each plant had been supplemented 
by a number of new adventitious roots. At the end of a week the roots were 
badly discolored, very brittle, crooked, and still devoid of lateral roots. 
The new adventitious roots soon developed the same symptoms of abnor- 
mality that were exhibited by the older roots. Each root tip at this time 
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had become covered with a hyaline droplet of liquid of a viscid nature; the 
droplets adhered so closely that they could not be removed by shaking the 
plants. Microscopic examination showed the droplets to be composed of 
homogeneous gelatinous material, but it indicated nothing regarding their 
origin—whether due to gelatinization of cell walls, to exudation of ma- 
terials from the root cells, or to fungus or bacterial action upon the roots. 
Soon after the droplets were first noticed, the culture solutions began to ex- 
hibit a slight turbidity. Throughout the remainder of the experiment there 
was no noticeable outward change in the roots except that they became 
soft and flabby, in contrast with their brittle nature at the end of the 
first week. 

In solution 10 of each series (Ca/Mg = 2/98) the plants developed nor- 
mally for the first few days. They produced many lateral root branches, 
although not so abundantly as in cultures 1-9, which had higher and more 
favorable ratios of calcium to magnesium. The seminal roots and their 
lateral branches in this solution increased almost as rapidly in length as 
those of the plants in solutions with higher calcium-magnesium ratios. All 
of the roots retained their normal white appearance for more than a week. 
However, at the end of about ten days the tip of each seminal root had 
been surpassed in length by an abundance of lateral roots that had elon- 
gated more rapidly than the main root; this indicated clearly an injurious 
action of the culture solution upon the root system. The tips of the seminal 
roots at this time exhibited a slight brownish discoloration, they were 
crooked, and they had the general appearance of the root tips in the solu- 
tions from which calcium was totally absent. Later in the period of the ex- 
periment these pathological symptoms became more pronounced, and the 
tips of some of the older lateral roots developed symptoms of injury that 
were similar to those first apparent in the apices of the main roots. 

The roots of plants grown in solution 9 (Ca/Mg=5/95) of each total 
concentration were very similar in their development to those in solution 
10, except that the characteristic forms of injury did not become evident 
till after four weeks of growth in the solution. The growth in length of the 
seminal roots in this solution was practically the same as that of the roots 
in solutions having much higher proportions of calcium to magnesium. 

The root systems of cultures 1-8 (Ca/Mg ratio varying from 100/0 to 
10/90) made healthy and rapid development and exhibited no significant 
pathological symptoms. They were all essentially alike in rate of growth 
and in external appearance. Even the roots in culture 1, supplied with a 
solution containing no magnesium, were not visibly different from those of 
the remainder of the good cultures. In fact, with the medium and low total 
concentration of salts (1/2 and 1/8 atm.) greater root growth occurred in 
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solution 1 than in the solutions containing the lower concentrations of 
calcium; this surprising result seems to deserve further investigation. No 
clearly defined optimum solution for root growth is apparent among those 
tested in this study. Growth is so nearly the same throughout the wide 
range of proportions of calcium to magnesium, from 100/0 to 5/95, that 
the average of a very large number of plants would need to be employed in 
order to determine accurately the optimum solution for root growth. In a 
general way, the graphs of figures 1 and 2 indicate that 1/8 atm. (series C) 
is least favorable among the three total concentrations tested; while with 
most Ca/Mg ratios 1/2 atm. (series B) is most favorable by the criterion of 
root elongation and 2 atm. (series A) is most favorable on the basis of dry 
weight of roots. When the growth of tops is taken into consideration, all 
the lower ratios of calcium to magnesium (Ca/Mg values from 20/80 to 
0/100) are distinctly inferior to the higher ratios, and it may be provision- 
ally concluded that solution 5 (Ca/Mg =80/20) with a total concentration 
of salts equivalent to 1/2 atm. represents the best of the solutions employed 
in this study. 

The data secured in experiment 3 serve to supplement those of the first 
experiment. The results were essentially the same in the two experiments. 
Observations demonstrated that as the calcium was reduced between 2 
per cent and 0 per cent of the total concentration of calcium and magne- 
sium there was a pronounced decrease in root elongation and likewise in 
the number of lateral roots that were produced. The root tips of the plants 
in these solutions deficient in calcium took on the same general appear- 
ance as that described previously, and the culture solutions again became 
cloudy at the time that small viscid droplets appeared on the root tips. The 
roots that were supplied with a solution containing a small quantity of 
boron in addition to the usual constituents did not differ from those which 
lacked boron. It is interesting to note that even in solution 3, in which the 
ratio of calcium to magnesium was only 3/993, there was a small increase 
in root length and some development of laterals, whereas root growth was 
entirely inhibited in the solution from which calcium was absent. 

During the course of experiment 3 several attempts were made to 
bring about the recovery of roots that had been injured by immersion for 
short periods of time in complex culture solutions devoid of calcium; the 
injured roots were transferred to similar solutions containing calcium, and 
their subsequent condition was studied. But these trials were all unsuc- 
cessful. The injured roots never recovered; instead, new adventitious roots 
or laterals developed, which continued to grow and thus served to estab- 
lish new growing apices. It became evident that even if plants were kept 
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for only one day in a complex culture solution from which calcium was ab- 
sent, the tips of the seminal roots were permanently injured. 

Other observations demonstrated that the roots were not signifi- 
cantly injured by immersion for relatively long periods (four to seven 
days) in distilled water, which of course supplied no calcium. It is evident 
therefore that the rapid injury which occurred when calcium was omitted 
from the complex culture solutions could not have been due merely to the 
failure of this solution to supply calcium to the roots. It must have re- 
sulted from the unbalanced condition of the culture solution, the com- 
ponents of which were toxic when not antagonized by calcium. 

Corn. Aithough periodic observations were not made during the course 
of experiment 2, with corn, the roots at the end of twenty-five days, when 
fixations were made, resembled those of the wheat plants that had been 
grown in similar solutions. In solutions 8 and 9 of this experiment, in which 
the proportion of calcium to magnesium was very low, the root tips were 
crooked and exhibited a brownish discoloration. The lateral roots had 
elongated more rapidly than the primary roots and almost covered the 
tips of the latter. The total number of the lateral roots, however, was much 
smaller than in the better solutions. 

Cytological effects 

The cytological investigation, like the study described in the preceding 
section of this paper, was mainly concerned with the root tips of the 
plants grown in the culture solutions in which the ratio of calcium to mag- 
nesium was so low that root growth was greatly diminished. It has al- 
ready been pointed out that unless the Ca/Mg ratio was reduced to a very 
low value, the root growth was not materially retarded. In a general way 
it may also be said that the cytological study, to be reported here, has 
shown that the cell structure of the root tips does not seem to be signifi- 
cantly altered except under similar conditions of relatively great calcium 
deficiency. 

All observations recorded here were made of median sections in the 
apical region of the seminal roots. It is this part of the root, of course, 
which is fundamentally concerned with initial cell division and enlarge- 
ment. Description of observations on cellular structure can best be pre- 
sented by constant reference to the figures of plates 9-13. 

W heat. The results of experiments 1 and 2, on wheat, will be considered 
together, because of the similarity of the observations pertaining to them. 
In figure 1 of plate 9 there is shown a section of a young wheat root tip 
which had grown for four days in distilled water at the beginning of one of 
the experiments. This section illustrates the appearance of all root tips at 
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the time of immersion in the culture solutions. Nuclei and cytoplasm are 
normal, and active mitosis is going on. The conditions represented by this 
section were maintained throughout the active growth period of roots 
that were kept in solutions in which the calcium content was relatively 
high. As the activity of the root tip lessened, the merisematic region was 
reduced, dividing cells were less prevalent, and the cytoplasmic content 
was decreased, until finally the root apex became non-functional. 

If the calcium content of the solution were low, but if calcium were not 
entirely absent (for example, with solution 1, experiment 3), the root tips, 
as far as the prepared slides indicated, underwent no pathological changes 
during the first few days, and sometimes none were apparent even after a 
week. Then, clear, non-stainable regions gradually made their appearance 
in the cytoplasm. These hyaline regions resemble vacuoles, though their 
mode of origin is probably quite different from that of the vacuoles which 
normally form in enlarging cells. They appear to arise by a process of ero- 
sion, possibly involving a hydrolytic dissolution of the cytoplasm. Finally 
the remaining cytoplasm came to occupy a peripheral position adjacent to 
the cell wall, so that the tip gave the appearance of being destitute of 
practically all contents except nuclei (fig. 2, pl. 9). The nuclei did not 
seem to be affected while these changes were taking place in the cyto- 
plasm. A few cells from the developing metaxylem strand of the section 
(fig. 12, pl. 13) illustrate this condition. 

In sharp contrast with this gradual loss of stainable contents is the 
change that occurred in cells of the root tips in solutions entirely lacking 
calcium (fig. 3, pl. 9). Even after two days, and at the most four, the pro- 
toplast had become badly disorganized. The cytoplasm of cells in this con- 
dition is shrunken and usually deeply stained, while the nucleus is a heter- 
ogeneous mass which cannot be differentially stained (fig. 16, pl. 13). 

Regardless of whether the process was one of quick disorganization, as 
in the case of the roots in solutions totally devoid of calcium, or gradual, 
as was observed when some calcium was present, the cell contents eventu- 
ally were reduced until they finally disappeared—or at least became non- 
stainable by the ordinary methods of cytological technique. The cyto- 
plasm always was the first part of the cell to be affected; after it had be- 
come a neglibible quantity in the cell, a deep staining body, the former 
nucleus, still persisted as a heterogeneous mass. Soon thereafter the nu- 
cleus disappeared, leaving nothing visible but the cell walls. The nucleus, 
like the cytoplasm, thus became either totally disintegrated or so modified 
as to lose its attraction for cytological stains. 

The cells of the epidermis and the cortex were the first to show the 
changes described above, and accordingly, the cells of these regions were 
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the first to lose their stainable contents (fig. 4, pl. 10). Later the vascular 
cylinder underwent the same modifications, until sometimes only the cen- 
tral metaxylem strand was left with its protoplasmic contents (fig. 5, pl. 10). 
The final result was always the same. The root tip in this stage resembled 
the line drawings so often found in text books (fig. 6, pl. 10). The cell walls 
have apparently retained their former shape, even though the cells lack 
their usual protoplasmic contents. It has already been noted that the roots 
became very brittle soon after immersion in calcium-deficient solutions; 
this brittleness perhaps indicates some change in the cell walls which ac- 
counts for their rigidity and prevents their collapse. The process of de- 
generation has occurred without any conspicuous pathological modifica- 
tion of cell size and form, and the arrangement of the tissues is not evi- 
dently different from that in the normal root. In fact, this method of 
treating roots might be recommended as a useful one for securing clear 
outlines of cells and tissues, unobscured by protoplasmic contents. Soon 
after the cell contents had disappeared from the whole apex, or in some 
cases earlier, fungi and bacteria began to attack and destroy the root tip. 
Sterile cultures would be helpful in any further study of these phenomena. 

It was very interesting to observe the condition of the lateral roots, in 
the cultures in which they were produced, while the tips of the seminal 
roots that bore them were undergoing these changes. In many cases the 
tip of the main root became covered with a crown-like growth of appar- 
ently normal lateral roots. Numerous elongated lateral branches arose 
near the end of the seminal root and surpassed it in length. Sections of this 
material showed the main tip to be in a state of degeneration, in many 
cases being empty of cellular contents, and yet the lateral branches, es- 
pecially the youngest, were in every way normal. Some of the older branches 
degenerated and later lost their contents. It seems probable that a fur- 
ther study over longer periods of time would reveal a series of progressive 
changes similar to those observed in the tips of the seminal roots. 

Cells that were undergoing mitosis at the time of immersion in the 
low-calcium solutions seemed to be the most resistant to this process of 
disorganization which results in a loss of cellular contents. In the cortical 
region of some root tips, where the majority of the cells had lost their 
stainable contents, cells such as that illustrated in figure 15 of plate 13 
have occasionally been observed. In this case the cells on every side had 
become vacant except one, and that contained only the remains of a nu- 
cleus. A cell of this sort might readily remain in the binucleated condition, 
if it were unable, owing to cytoplasmic disorganization, to complete the 
process of cell wall formation. As a result, two nuclei would be left within 
the confines of the mother cell wall. Binucleated cells have actually been 
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observed in some root tips, though they seem to be comparatively rare. 

In the solutions totally lacking calcium many constricted root tips 
were observed. These constrictions did not seem to be confined to any 
particular place; in some cases they were just a few microns from the end, 
and in others behind the meristematic region. The cellular condition of 
such tips always was similar to that illustrated in figure 3 of plate 9. 

Corn. The results obtained with corn were similar in all respects to 
those secured with wheat, in so far as the experiments with the two plants 
were comparable. Thus the observations on the corn confirm those on 
wheat, and they greatly strengthen the idea that these phenomena may 
be of rather general occurrence among different kinds of plants. It should 
be recalled that all fixations of the tips of the primary roots of corn were 
made at the same time, and that none of the solutions were totally devoid 
of calcium although some had very low concentrations of this element. 

In solutions having a high concentration of calcium all tissues of the 
root tips presented a normal appearance (fig. 7, pl. 11), essentially like 
that of wheat roots in similar physiologically balanced solutions. The 
condition of the cellular contents was typical of that of healthy roots in 
general. This may be illustrated by the normal condition of the cells of one 
of the metaxylem strands (fig. 11, pl. 13). 

On the other hand, the roots in solutions low in calcium presented a 
very different appearance. In an incipient stage of degeneration all of the 
cells of the root tip contained nuclei, although these were far from normal 
in appearance, and the cells were deficient in cytoplasm (fig. 8, pl. 11). A 
closer examination of some of the metaxylem cells of this tip shows that 
there remained in the cells small quantities of stainable material besides 
the nuclei. A more advanced phase of injury was characterized by a further 
loss of protoplasmic contents; the epidermal and cortical cells of a root in 
this condition were empty, while cells of the vascular cylinder still re- 
tained some nuclear and cytoplasmic remnants (fig. 9, pl. 12; fig. 14, pl. 13). 

Finally, in solutions of very low calcium content, we may find root tips 
similar to those found in wheat in which the cell contents are almost en- 
tirely absent and the usual line drawing appearance is presented (fig. 10, 
pl. 12). In those few cells which were not empty the protoplasmic contents 
were limited to a much reduced nucleus (fig. 13, pl. 13). 

It should be mentioned that the constriction of the root tips and the 
quick destruction of the protoplasts, as observed in wheat, were not seen 
in the experiment with corn. This is probably due to the fact that all the 
solutions for corn contained some calcium. Attacks of fungi and bacteria 
were evident after the corn roots had passed the final stage represented in 
figure 10 of plate 12. As in wheat, numerous lateral branches developed near 
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the severely injured apices of the roots; and to all appearances these 
branches remained normal for some time after the main apex had died. 
DISCUSSION 

The results reported in the preceding section of this paper demonstrate 
clearly that when the complex culture solutions employed in this study 
were deficient in calcium the cells of the meristematic region of the root 
tips of both wheat and corn underwent profound changes, which resulted 
in a marked reduction or, in many cases, a complete loss of stainable cell 
contents. The beginning of these changes was manifested by a gradual ero- 
sion or dissolution of the cytoplasm, and the process continued until 
finally, in severe cases of injury, there was a complete disappearance of the 
cytoplasmic contents of the cells—or at least a transformation of the cyto- 
plasm into unstainable products. Accompanying this disintegration of the 
cytoplasm, but somewhat slower in its progress, was the similar change ob- 
served in the nucleus. This cellular component at first appeared to show 
no alteration, but later it became transformed into a disorganized body 
which took a dark stain and failed to exhibit any differentiated structure. 
Although this body persisted longer than the cytoplasmic remains, it 
gradually became smaller and its ultimate fate was the same as that of the 
cytoplasm; its final disappearance left the cell totally devoid of stainable 
contents. 

In the early stages of the cytoplasmic changes described above, clear 
regions appeared within the cell. Sorokin and Sommer (1929), who ob- 
served similar changes in the cells of the root tips of Pisum sativum, con- 
sidered that these hyaline regions were produced by a process of vacuoli- 
zation. But it seems doubtful whether the change observed in the root tips 
of the present study should be regarded as comparable to the true vacuo- 
lization which occurs when the normal cell is enlarging during the absorp- 
tion of water. The meristematic cells were not increasing in volume during 
the formation of the hyaline regions. The boundaries between these re- 
gions and the cytoplasm were more irregular than those of normal vacu- 
oles. Moreover, the hyaline regions continued to develop progressively 
while the stainable contents simultaneously diminished. In the last stages 
before the complete disappearance of the cell contents, small portions of 
cytoplasm were left irregularly distributed in various parts of the cell. 
The large clear area of the cell at this time in many cases extended to parts 
of the cell wall and bore little or no resemblance to a normal vacuole. 

The changes here involved seem to indicate some process of erosion 
which disintegrates the protoplast. The process is suggestive of a hydroly- 
tic dissolution resembling autolysis. Thus the hyaline regions left in the 
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cell probably contain at first the dissolved products of the protoplasm, 
rather than the usual constituents of the cell sap that would be in vacuoles. 
Later they may contain only water, since the cell wall is generally readily 
permeable to solutes and it may be supposed that these dissolved materials 
gradually diffuse out of the cells—into the surrounding culture medium 
and possibly into other portions of the roots. 

Death of the cells undoubtedly occurred before the final disappearance 
of stainable contents. This was evidenced by the failure of cells exhibiting 
incipient injury to recover after the roots had been transferred to physio- 
logically balanced solutions. Death probably took place at a rather early 
stage in the process of cytoplasmic disintegration, although further study 
would be needed to determine the death point with any high degree of pre- 
cision. Tests of plasmolysis and recovery and of the entrance of stains to 
which living cells are impermeable might be useful in this connection. 

The occurrence of pronounced injury and consequent protoplasmic dis- 
integration appeared to be definitely related to the calcium content of the 
culture solutions employed in this study. The injury was limited to a criti- 
cal range of Ca/Mg ratios which lay between 0/100 and 5/95. In these 
toxic solutions the calcium salt made up from 0 to 2.5 per cent of the total 
molecular concentration of all the salts. The critical range was the same 
for series A of experiment 1 as for series C, although the actual concentra- 
tions of calcium in series A were sixteen times as great as in series C. This 
furnishes convincing evidence that the ratio of calcium to magnesium, or 
the ratio of calcium to all of the other components of the solution, rather 
than the absolute concentration of calcium, was the factor which deter- 
mined the occurrence of injury. The rate and severity of injury in the toxic 
solutions were inversely proportional to the ratio of calcium to magnesium, 
or to the ratio of calcium to the other constituents of the solution. With 
the solutions lacking calcium the action was such that permanent injury 
occurred soon after the immersion of the roots; but when small quantities 
of calcium were present, the injury was delayed for a period of time which 
depended upon the calcium content of the solution. These conclusions are 
based on the cytological appearance of root sections, the rate of growth, 
and the final length and dry weight of the seminal roots. 

When calcium was entirely absent from the complex culture solutions, 
root growth ceased almost immediately and the series of degeneration 
changes within the cells progressed rapidly. But in distilled water, which 
of course lacks calcium, the growth of seedling roots continued for a num- 
ber of days. Such roots elongated considerably and produced lateral 
branches. While this growth was taking place, the cellular condition of the 
root apices exhibited no significant abnormalities. If calcium is assumed to 
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be a necessary cellular constituent, we must suppose that sufficient quan- 
tities of this element for considerable growth of the seminal roots were de- 
rived from the material stored within the seed. The immediate cessation 
of root growth in the complex solutions lacking calcium must therefore be 
attributed to the physiologically unbalanced nature of these solutions, 
rather than to their failure to supply calcium. In the absence of calcium 
the other constituents of the culture solution, especially magnesium, were 
present in sufficient concentration to be poisonous to wheat roots (Tre- 
lease and Trelease, 1926a). 

Although the present experiments were planned with reference to 
variations in the Ca/Mg ratios of the solutions, it should be emphasized 
that the influence of these solutions on the plants undoubtedly depended 
upon the complex balance of the culture solutions. If other basic solutions 
had been employed, the relations of the plants to the Ca/Mg ratios might 
have been quite different from those obtained in this study. A more nearly 
complete study would of course involve the use of many more culture 
solutions, in which all components were varied systematically. Through- 
out this paper the results have been discussed in their relations to the ratio 
of calcium to magnesium in the solutions that were used. Considering the 
manner in which the solution components were varied, the results might 
be interpreted in more general terms with reference to the ratio of calcium 
to all of the other constituents of the solutions. 

The disintegration of the cell contents that occurred in root tips sub- 
jected to toxic solutions must have resulted in soluble products that were 
able to diffuse out of the injured cells, presumably into the culture solu- 
tion as well as into other cells of the root. With the dissolution of the proto- 
plast, particularly the cytoplasm, the semi-permeability of the cell must 
have been destroyed, thus releasing the various soluble materials derived 
from the former protoplast. 

The bearing of this process on the numerous studies of exosmosis, leach- 
ing, and excretion, as the phenomena have been variously termed in the 
literature, is obvious. Probably many of the extreme cases of exosmosis 
are not due to changes in permeability of living cells, but rather to post- 
mortal changes and excretions due to the destruction of the protoplast of 
the cell. This might be especially true where anesthetics, acids, etc., have 
been used to increase the permeability or where nutrient solutions lacking 
calcium have been employed (True, 1916, Iljin, 1928), thus allowing the 
various constituents of the solutions to be poisonous. Osterhout (1923), 
by means of electrical resistance measurements of the protoplast, has 
shown this to be true in the case of Nitella when chloroform is applied. 

It is recognized that many studies have shown that exosmosis occurs 
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even when roots are immersed in distilled water. In fact, the excretion of 
materials from roots has been used to demonstrate the so-called toxicity 
of distilled water. It has also been shown that low concentrations of a cal- 
cium salt have an inhibitory effect on such excretion. But even more rapid 
exosmosis than that occurring in distilled water has been found to take 
place when unbalanced solutions, lacking calcium, are employed. Cases of 
this kind may probably be explained as due to an actual destruction of the 
protoplasts, such as was observed in the present study. 

The work of Wachter (1905), Hansteen Cranner (1910, 1914, 1919, 
1922, 1926), True (1914, 1915a, 1915b, 1916), Merrill (1915a, 1915b), Hib- 
bard (1915), Stiles and Jorgensen (1915), Brooks (1916), Ijin (1928), 
Steward (1928), and many others has shown that the products of exosmo- 
sis, under a variety of conditions and with various kinds of tissues as well 
as with roots, may be electrolytes, sugars, lipoids, etc. If such a disorgani- 
zation of the protoplast as that described here occurs in some of these 
cases, we should expect to find the soluble forms of all the substances which 
go to make up an aggregate protoplasm. It is strange that protein seems to 
be lacking in the exudates from plant cells undergoing exosmosis; at least 
it has never been reported. Although the protoplasm includes a variety of 
proteins, it is possible that the proteins are completely converted into solu- 
ble products, such as amino acids, and thus the culture solutions containing 
the exuded products may not give the ordinary tests for protein. 

The turbidity observed in the culture solutions during the course of 
these experiments did not seem to coincide with the time of the disorgani- 
zation of the protoplasm. It did not become conspicuous until several days 
after the cell changes had taken place. This suggests that the action of 
bacteria and fungi on the disorganized roots or on their exuded products 
may have been the causal factor. Wachter (1905), Merrill (1915a), and Ste- 
ward (1928) have reported that the solutions did not become turbid if pre- 
cautions were taken to sterilize them. On the other hand, Hansteen Cran- 
ner (1922) concluded that the turbidity observed in his cultures was due to 
the presence of insoluble lipoids derived from the protoplast, especially 
from the part which he regarded as infiltrating the cell wall and being re- 
sponsible for the maintenance of normal permeability in the cell. He con- 
sidered that their loss involved a destruction of this condition of permea- 
bility. 

Certain effects of calcium deficiency on the meristematic regions of the 
higher plants have been previously reported by Reed (1907) in the root 
tips of Zea mays, Warthiadi (1911) in the apical meristem of Tradescan- 
tia, and Sorokin and Sommer (1929) on the root tips of Pisum sativum. 
They all report cell changes, but not the complete disintegration of the 
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protoplasm that was observed in this investigation. Since the meristematic 
regions of the root apex seem to be the first parts affected, it is probable 
that many cases of dwarfed plants reported in the literature can be ex- 
plained as due to injury to these parts resulting from calcium-deficient 
solutions. Less severe injury may not prevent the formation of mature 
tissues. Thus, it has been reported by Day (1929) that the mature regions 
of the root were normal, even though the plants were dwarfed. She did 
not investigate the root tips. 

The failure of the cell walls to collapse after the destruction of the pro- 
toplast in the injured tips suggests that some change was induced in these 
structures as well as in the cell contents. The nature of this change could 
only be ascertained by chemical tests, since microscopic examination re- 
vealed no visible modification of the walls. Albrecht and Davis (1929) 
found difficulty in preparing sections of soy-bean stems when the plants 
had suffered from calcium starvation, and they suggested that this in- 
dicated some change in the structure of the cell walls. 


SUMMARY 


The influence of calcium-deficient solutions upon the growth and cyto- 
logical structure of the root tips of young wheat and corn seedlings is re- 
ported in this paper. 

In such solutions the cells of the root apex gradually lost all their 
stainable contents. The cell walls remained intact, so that the final ap- 
pearance of the meristematic root apex was comparable to that of a line 
drawing in a text book. 

The cytoplasm was affected first. It seemed to undergo a gradual ero- 
sion, suggestive of hydrolytic dissolution, until it completely disappeared. 
During the early changes in the cytoplasm the nucleus remained normal 
but eventually it degenerated into a heterogeneous mass and finally dis- 
appeared. 

This process of protoplasmic disintegration first affected only the pe- 
ripheral layers of the cells in the epidermal and cortical regions. Later it 
progressed to the interior and finally upward in the roots. 

It seems probable that many of the extreme cases of exosmosis reported 
in the literature, especially those which follow treatment with toxic agents, 
are due to protoplasmic disintegration, rather than merely to changes in 
the permeability of living cells. 

In the present experiments the occurrence of pronounced injury was 
correlated with the ratio of calcium to magnesium in the culture solution, 
or with the ratio of calcium to all the other components of the solution. It 
was independent of the absolute concentration of calcium. Marked in- 
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jury, resulting in a total loss of cell contents, did not occur when the Ca/ 
Mg ratio was 5/95 or higher, or when the concentration of the calcium 
salt was 2.5 per cent or more of the total molecular concentration of the 
solution. 

Growth ceased almost immediately after immersion of a root in a com- 
plex culture solution from which calcium was excluded. Through a rather 
definite critical range the rate of root growth was roughly proportional to 
the calcium content of the solution or to the ratio of calcium to magnesium. 

No lateral roots developed when calcium was entirely absent from the 
culture solution. When small amounts were present, the lateral roots con- 
tinued to elongate after growth of the main root had ceased. 

The pronounced injury that occurred in complex solutions deficient in 
calcium appeared to be due to the physiologically unbalanced nature of 
these solutions. In the absence of sufficient calcium, the other constituents 
of the culture solution, especially magnesium, were highly toxic to the cells 
of the roots. 


The writer wishes to acknowledge his indebtedness and appreciation to Doctor 
Sam F. Trelease for his valuable suggestions, criticisms, and constant interest during 
the progress of this work. 
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Explanation of plates 


The photomicrographs were taken with the aid of a Bausch & Lomb 16 mm. objec- 
tive and a 7.5 compensating ocular, the resulting magnification being 140 x. The 
figures in plate 5 were drawn with a camera lucida, using a Zeiss 2 mm. apochromatic 
objective and a 10 compensating ocular. The resulting magnification was about 
1400 x. 


PLATE 9 

Median longitudinal sections of wheat root tips after: 

Fig. 1. Four days in distilled water. Representative of the condition of all root 
tips at the time of immersion in the culture solutions. Roots in solutions of high calcium 
content retained this normal appearance throughout the active growth period of the 
terminal roots. 
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Fig. 2. Seven days in a culture solution with a calcium-magnesium ratio of 2/98. 
There is a marked reduction of cytoplasm in the cells, but the nuclei are not markedly 
affected thus far. 

Fig. 3. Two days in a culture solution with a calcium-magnesium ratio of 0/100. 
The complete absence of calcium was always associated with rapid shrinkage and dis- 
integration of the protoplasts. 

PLATE 10 

Median longitudinal sections of wheat root tips after: 

Fig. 4. Two weeks in a culture solution with a calcium-magnesium ratio of 2/98. 
The cells of the cortical and epidermal regions of the root have lost their stainable con- 
tents. 

Fig. 5. One week in a culture solution with a calcium-magnesium ratio of 0/100. 
The only cells retaining their cytoplasmic contents are those of the developing central 
metaxylem strand. 

Fig. 6. Two weeks in a culture solution with a calcium-magnesium ratio of 2/98. 
This condition is representative of the condition finally reached by all the roots in solu- 
tions very low in calcium. Cell contents have entirely disappeared. 


PLaTE 11 
Median longitudinal sections of corn root tips after 25 days: 
Fig. 7. In a culture solution with a high calcium-magnesium ratio (63.6/36.4). 
Presents normal appearance of healthy root. 
Fig. 8. In a culture solution with a much lower calcium-magnesium ratio (3.5/96.5) 
The cytoplasmic contents of the cells are greatly reduced, although each cell exhibits 
the remains of a nucleus. 
PLATE 12 
Median longitudinal sections of corn root tips after 25 days: 
Fig. 9. In a culture solution with a very low calcium-magnesium ratio (2/98). The 
cells of the epidermis and cortex are devoid of protoplasmic contents. 
Fig. 10. In the same culture solution as the root tip of figure 9. Nearly all the cells 
are devoid of protoplasmic contents. 


PLATE 13 


Fig. 11. Cells from a metaxylem strand of the root tip of corn illustrated in figure 7. 

Fig. 12. Cells from the developing metaxylem strand of the wheat root tip repre- 
sented in figure 2. The nuclei appear normal, but erosion of the cytoplasm has left a 
hyaline region in the cell. 

Fig. 13. Cells from a metaxylem strand of the root tip of corn shown in figure 10. 
The majority of the cells in this section were empty, and this drawing illustrates the 
last stage before the complete disappearance of the contents. 

Fig. 14. From the root tip of figure 9, showing the complete disintegration of the 
protoplast. The hyaline regions in these cells are not typical of vacuoles. 

Fig. 15. A cell from the cortical region of a root tip that has almost completed di- 
vision. All the surrounding cells were empty with the one exception which is figured. 
The persistance of cytoplasm in a cell undergoing mitosis is significant. 

Fig. 16. Cells from a metaxylem strand of a root tip illustrated in figure 3. This 
shrunken and degenerate condition is typical of the cells of roots that had been placed 
for a short time in a solution destitute of calcium. 
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Growth and variability of wheat seedlings in magnesium 
sulphate solutions 


JosEPH CARMIN 
(WITH THREE TEXT FIGURES) 


The method used in this work was essentially the one described by Tre- 
lease and Trelease (1925). The wheat grains (pure line of spring wheat, 
Marquis, Saskatchewan, no. 70, selection no. 313, grown during the sum- 
mer of 1922 and supplied by the University of Saskatchewan through the 
kindness of Professor Manley Champlin) were soaked for three hours in 
distilled water. Selected seeds were then distributed uniformly, furrow-side 
down, in glass moisture chambers containing two layers of white blotting 
paper saturated with distilled water. The germinators were placed in a 
dark chamber in which the temperature was kept fairly constant. The 
blotting paper was moistened with distilled water once or twice during 
germination. The seeds were left there about 24 hours, or until the pri- 
mary root had attained a length of about 5 mm. They were then trans- 
ferred to the culture vessels. 

Each culture vessel consisted of a glass tumbler with a capacity of 
about 275 cc. placed in a larger beaker (600 cc.). The mouth of the smaller 
vessel was covered with a piece of a paraffined bobbinet tied with a paraf- 
fined linen thread. The vessels were filled with the culture solution until 
the level of the solution in both of them was even with the top of the 
smaller vessel. 

The culture solutions were made up of Powers-Weightman-Rosengarten’s 
analytical chemicals. The label for magnesium sulphate (MgSO,-7H,0) 
showed the following analysis in percentages: alkali sulphate, 0.050; ar- 
senic (As), 0.0000; calcium (Ca) 0.00; heavy metals 0.0000; iron (Fe) 
0.0005; chloride (Cl) 0.0007. Twenty-five germinating seeds which were 
nearly uniform in appearance were selected and put on the netting of each 
culture vessel. The cultures were kept under the same conditions as the 
germinators. The first two days they were covered with an inverted watch 
glass. With each experiment two control cultures were grown in a balanced 
solution which contained 0.002 M MgSO,, 0.002 M KH2PQ,, and 0.002 M 
Ca(NOs)e. In addition, a single culture was grown in distilled water ob- 
tained from a Barnstead still. Each experiment was terminated when the 
longest root in the balanced solution had attained a length of about 90 mm. 
The seedlings of each culture were placed in a killing solution containing 
0.2 per cent chromic acid and 0.1 per cent acetic acid dissolved in distilled 
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water. This solution proved to have no contracting influence upon the 
roots and tops of the seedlings. 

Concentrations ranging from 0.0005 M to 0.0150 M MgSO, were tried. 
None of them showed any precipitate. For each solution one hundred 
seedlings were grown, twenty-five in each of four culture vessels. Two of 
the experiments were carried on simultaneously and the other two in- 
dividually. The first and second experiments were carried out at a tem- 
perature of 17°-20° C., and it took 117 hours before the longest root in the 
balanced solution attained the required length (of approximately 90 mm.). 
The third experiment was carried out at 13°-22° C. for 130 hours, and the 
fourth experiment at 11.5°-20° C. for 150 hours. The low temperatures 
occurred only for short periods of time. The results show just as close an 
agreement between the first, third, and fourth experiments, which were 
carried on separately, as between the first and second one, carried on 
simultaneously. This indicates that the differences in temperature and 
other environmental conditions were not large enough to influence signifi- 
cantly the validity of the results of the experiments. 

Four measurements were recorded for each seedling: the length of the 
principal root, the lengths of the two longest lateral roots (one from each 
side), the length of the longest root, and the length of the top. The results 
of the measurements for each lot of twenty-five seedlings were averaged 
and recorded. The probable error (P.E.) was computed in two ways: by 
the usual formula, and also as percentage of the mean, which gives a better 
idea of the discrepancies in probable error between the different experi- 
ments. The four experiments were then compared using Rietz and Smith’s 
(1910) method. All cases were discarded in which the probable error of the 
difference between the experiments calculated by this formula was higher 
than five times the probable error. The remaining data were then aver- 
aged and plotted. Top root ratios were also calculated. The variability 
coefficients (C) were calculated by the usual formula (C =100 o divided 
by M) and plotted. The probable error of the variability coefficient was 
calculated by the formula: E, =0.6745 o divided by \/2n, and also as per- 
centage of the variability coefficient. In a few cases the variability curves 
for the different organs in the different solutions used were also plotted. 
The skewness of the variability curves was calculated by Pearson’s 
formula: S = Mean minus Mode divided by ¢. Finally the correlations be- 
tween the different organs of the plant as well as between the left and the 
right side of the plant were calculated for the various solutions used. 


RESULTS 


The only morphological modification observed was that the tips of the 
roots became greatly swollen in the higher concentrations of the salt. The 
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growth of the roots in distilled water was almost as good as that in the 
balanced solution, as can be seen from tables 1-4 and figure 1, while the 
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CONCENTRATION 
Fig. 1. Length of roots and tops (in mm.) of wheat seedlings grown in mag- 
nesium sulphate solutions. 


tops attained in distilled water a length equaling approximately 50 per 
cent of their growth in the balanced solution. This indicates that distilled 
water lacks one of the elements necessary for normal top growth in young 
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seedlings. In figure 1 it can be seen that the curves of root growth in vari- 
ous concentrations of magnesium sulphate solutions are smooth, with no 
indication of irregularities; they fall very rapidly at first, then more and 
more slowly, so that finally they become practically straight lines nearly 
parallel to the base line, which would correspond to the so-called death 
point. This point agrees very well with Harter’s (1905) results. The means 
for the length of the left and right lateral roots are approximately the same 
in all solutions tried, including the distilled water and balanced solutions. 
The principal root was about five mm. longer than the other roots in the 
balanced solution. This might be expected since, at the start of the experi- 
ment, it was about five mm. long, before the appearance of the lateral 
roots. It is interesting that, in spite of this fact, the principal root is shorter 
than the laterals in all magnesium sulphate solutions and distilled water as 
well, which means that these solutions are in some way or other more toxic 
to the principal roots than to the lateral ones. 

The curve for the rate of top growth does not run so smoothly as those 
for root growth. This might possibly be explained by the fact that the aver- 
ages for the tops are only for 50 individuals, while for the root values 100 
individuals were measured in each case. The curve for top growth falls 
much more slowly than those for root growth. It seems that the roots may 
have had some ability to hinder the toxic magnesium sulphate from getting 
at the tops, either by retaining it, or in some other way. In the lowest con- 
centrations the tops are somewhat shorter than the roots, but with increase 
of concentration the roots are shorter than the tops. Magnesium sulphate 
must hinder the growth of roots much more than that of the tops. This can 
also be seen from the gradual rise in the top-root ratio, which is 0.8 for dis- 
tilled water; 1.0 for 0.0005 M solution; 1.7 for 0.0010 M solution; 2.3 for 
0.0020 M solution; 2.9 for 0.0040 M solution; 2.9 for 0.0075 M solution; 2.6 
for 0.150 M solution. For the balanced solution it is 1.5. 

For all magnesium sulphate solutions there was a lack of correlation be- 
tween principal root and top, between longest root and top, and between 
the right lateral and the left lateral root. The balanced solution showed a 
slight correlation between longest root and top as well as between the 
principal root and top, it was 0.3431 +0.0687 in the first case and 0.3389 
+0.0597 in the second case. Thus under normal conditions there exists 
in young seedlings some correlation between growth rate of roots and tops. 
This correlation is broken down in some way in distilled water and in 
magnesium sulphate solutions. 

Tables 6 and 7 contain the variability coefficients (C) for roots and tops. 
The probable error in percentages of C is a fairly constant number, around 
10, which shows that the seeds for this experiment were selected very care- 
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fully. The averages for variability coefficients of the longest roots and tops 
are plotted in figure 2. The curve for longest roots runs parallel to the one 
for tops. This graph shows that the solution in which the seeds are grown 
has a very pronounced influence upon the variability of seedling growth. 
The variability coefficient is the lowest in distilled water and in the bal- 
anced solution. These media might be regarded as furnishing natural con- 
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Fig. 2. Coefficients of variability for longest roots and tops. 


ditions for the wheat seedlings (water, only in earlier stages of seedling 
growth). The variability is larger in the magnesium sulphate solutions, it 
rises in the lowest concentrations for tops as well as roots, falls for both of 
them at the concentration of 0.0020 M and 0.0040 M, and then rises again 
for roots as well as tops in the highest concentrations tried. This confirms 
the previous work of Goldschmidt (1928), Jennings (1908), Klebs (1907), 
Bumpus (1898), Duncker (1904), and others, indicating that the varia- 
bility of organisms increases in changed conditions. The variability be- 
comes greater in our case with the increase in the concentration of mag- 
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nesium sulphate. Variability coefficients are larger for longest roots than 
for tops. 

Figure 3 shows the influence of the different solutions upon the varia- 
bility curves of the longest root. The skewness figured by Pearson’s for- 
mula was very slight. For the longest roots it was 0.1 mm. in distilled water, 
0.4 mm. in 0.0005 M MgSO,, 0.4 mm. in 0.0010 M MgSQ,, 0.4 mm. in 
0.0020 M MgS0O,, 0.6 mm. in 0.0040 M MgS0O,, 0.1 mm. in 0.0075 M 
MgSO,, 0.3 mm. in 0.0150 M MgS0O,, and 0.1 mm. in the balanced solution. 
For tops it was 0.1 mm. in distilled water, 0.6 mm. in 0.0005 M MgSO,, 
0.1 mm. in 0.0010 M MgSO,, 0.8 mm. in 0.0020 M MgSQ,, 0.5 mm. in 














55- 
WATER 020M MgSO4 
50- z 
8 .0005M MgSO 75M M¢SO 
45- is ii upaibtanentinsdie 0075M_ Mg504 
| 
40-4 J \ ; _,0010M _MgSO4 OISOM MgSO4 
© 35,1 i | 
7] Ip \ > BALANCED .0040M MgSO4 
> <<) tp See Saou —-—-—-4-—.- 
S 30+ j \o°} 
- ik fi ih 
25-4 A 
I ii : mwiity 
20- $ vt i fae mY 
{ d \y : i \; . 
1S be \ uf i y/ 4 
Mri VA i j : 
: \ ¥ 
fH AK INT VERA 
Vif \Wx 2 2 
Yd _- a al iz <A ~— i bt 
oe a mt SS -— © a. ae oe Shue 
© 110 20 30 40 SO 60 70 80 90 100 iO 120 130 
LENGTH 


Fig. 3. Variability curves for longest roots. Ordinates represent number of 
individuals; abscissas, length in mm. 


0.0040 M MgSO,, 0.6 mm. in 0.0075 M MgS0O,, 0.4 mm. in 0.0150 M 
MgSO,, and 0.5 mm. in the balanced solution. It can clearly be seen that 
the variability curves move to the left with the increase of the concentra- 
tion. Simultaneously there occurs a gradual decrease of the dispersion 
range and a rise of the mode. Distilled water and the balanced solution 
show approximately the same variability curves as the lowest concentra- 
tions of magnesium sulphate, they are moved only slightly to the right. 
The same thing is brought out by the measurements of the other organs 
(principal root, left lateral root, right lateral root, and top). The jointed 
tops of the modes of the variability curves form a smoothly running curve, 
similar for all measured organs of the plant. 
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SUMMARY 


A study was made of growth and variability of very young wheat seed- 
lings in a wide range of concentrations of magnesium sulphate solutions. 
One hundred seedlings growing in the dark were tested with each solution, 
and the elongation of principal roots, left lateral roots, right lateral roots 
and tops was studied. The main results follow: 

1. Growth of roots as well as of tops, when plotted against concentra- 
tion of magnesium sulphate, gave smooth curves that fall at first rapidly 
in the lower concentrations tested, then with decreasing rapidity; in high- 
est concentrations tested the curves become parallel to the base. 

2. Magnesium sulphate was found to be more toxic to roots than to 
tops, and more toxic to principal roots than to the lateral roots. 

3. Roots grew in distilled water almost as rapidly as in the balanced 
solution, while tops grew in distilled water only half as rapidly as in the 
balanced solution. 

4. There was no correlation whatever between measured organs in any 
of the tested magnesium sulphate solutions nor in distilled water. In the 
balanced solution there existed a slight correlation between the longest 
root and the top as well as between the principal root and the top. 

5. Variability coefficients were lowest in the balanced solution and dis- 
tilled water; their values rose with an increase in concentration of the 
magnesium sulphate solution, with the exception of 0.0020 M and 0.0040 
M MgSQ,. They were larger for longest roots than for tops. 

6. The skewness of the variability curves was very slight in all mag- 
nesium sulphate solutions tested as well as in the balanced solution and 
distilled water. 

7. With increase in the concentration of magnesium sulphate solutions 
there occurred a movement of the variability curves to the left, a decrease 
in their dispersion range, and a rise of the mode. 


This opportunity is gladly taken to express indebtedness to Dr. Sam 
F. Trelease for suggesting the problem of the present work as well as for 
directing and criticizing it; to Mrs. Helen M. Trelease for valuable sugges- 
tions on the technique; and to Dr. Scheinkin for valuable help in calcu- 
lating and computing the results as well as for criticizing the entire work. 
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organisms, i—viii, 1-233. f. 1-66. Springfield, Ill., 1931. 
Alexander, E. J. Clintonia borealis. Addisonia 15: 51-52. pl. 506. 

“D 1930” 12 Mr 1931. 

Alexander, E. J. Gilia rubra. Addisonia 15: 63-64. pl. 512. 
“D 1930” 12 Mr 1931. 

Alexander, E. J. Pueraria Thunbergiana. Addisonia 15: 57-58. 
pl. 509. “D 1930” 12 Mr 1931. 

Allen, T. C. Bacteria producing rot of apple in association with 
the apple magot, Rhagoletis pomonella. Phytopathology 21: 
338. Mr 1931. 

Anderson, E. Internal factors affecting discontinuity between 
species. Am. Nat. 65: 144-148. f. 7. Mr 1931. 

Anderson, E., & DeWinton, D. The genetic analysis of an un- 
usual relationship between self-sterility and self-fertility in 
Nicotiana. Ann. Missouri Bot. Gard. 18: 97-116. pl. 4 
+f. 1-7. F 1931. 

Anderson, W. B. A Sisyrinchium new to Canada. Gard. Chron. 
89: 219. 21 Mr 1931. 

Arnold, C. A. Cordaitean wood from the Pennsylvanian of 
Michigan and Ohio. Bot. Gaz. 91: 77-87. f. 1-10. 18 Mr 
1931. 


Cordattes michiganensis and Dadoxylon Romingerianum described as new. 


Backeberg, C. Das Kakteenvorkommen von Trinidad bis Ca- 
ribisch-Kolumbien. Monats. Deutsch. Kakteen-Gesell. 3: 
64-67. Mr 1931. 

Bailey, F. D., & Zeller, S. M. The occurrence of Schizophyllum 
commune on green apples. Mycologia 23: 154-155. f. 1. 2 
Mr 1931. 

Baird, R. O. A recent Cactus expedition. Gard. Chron. Am. 35: 
51-52. allust. F 1931. 

Barnhart, J. H. Pinguicula Jackit. Addisonia 15: 61-62. pl. 511. 
“D 1930” 12 Mr 1931. 

Bartholomew, E. Additions to ‘‘the fungous flora of Kansas.”’ 
Trans. Kansas Acad. Sci. 33: 82-83. 1930. 
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Bartholomew, R. P. Changes in the availibity of phosphorus in 
irrigated rice soils. Soil Sci. 31: 209-218. Mr 1931. 

Baxter, D. V. The fungi and the decay of the American chest- 
nut: Part I. Papers Michigan Acad. Sci. 14: 259-290. pl. 
32-49.+ map 3. 1931. 

Baxter, D. V. A preliminary study of Coleosporium Solidaginis 
(Schw.) Thiim. in forest plantations in the region of the 
Lake states. Papers Michigan Acad. Sci. 14: 245-258. 
pl. 26-31. 1931. 

Baxter, D. V., & Strong, F. C. Chestnut blight in Michigan. 
Michigan Agr. Exp. Sta. Bull. 135: 1-18. pl. 1-8. F 1931. 

Baxter, E. M. The genus Lophocereus. Jour. Cactus & Succ. Soc. 
Am. 2: 431-432. allust. Mr 1931. 

Berger, A. Kleinia L. Section I. Notonia. Desert 2: 139. illust. 
Mr 1931; II. Eukleinia 154. illust. Ap. 1931. 

Bertram, P. Opuntia Canterai Arechavaleta. Succulenta 13: 
21-24. allust. F 1931. 

Birdsall, L. B. Parents of the tulips. Gard. Chron. Am. 35: 91. 
Mr 1931. 

Bédeker, F. Etwas iiber Nieder-Californien und seine Mamil- 
larien und Echinocacteen. Monats. Deutsch. Kakteen.- 
Gesell. 3: 36-37. F 1931. 

Bédeker, F. Was ist Mamillaria Brandegeet Eng. und was ist 
Mamillaria Gabbii Eng.? Monats. Deutsch. Kakteen.-Ge- 
sell. 3: 50-52. allust. Mr 1931. 

Boynton, K. R. Cheiranthus Allioniit. Addisonia 15: 55-56. pl. 
508. “D 1930” 12 Mr 1931. 

Boynton, K. R. Erysimum linifolium. Addisonia 15: 53-54. 
pl. 507. *‘D 1930” 12 Mr 1931. 

Boynton, K. R. Viola ‘‘apricot.’’ Addisonia 15: 49-50. pl. 505. 
“D 1930” 12 Mr 1931. 

Brand, A. Borraginaceae-Borraginoideae-Cryptantheae. Pflan- 
zenreich 4*5?; 1-236. f. 1-22. 1931. 

Brittingham, W. H. Oenothera Lamarckiana mut. acutifolia, a 
new mutant type produced by a gene outside the first link- 
age group. Am. Nat. 65: 121-133. f. 1, 2. Mr 1931. 

Briton-Jones, H. R., & Cheesman, E. E. Witch broom control. 
A new aspect of witch broom control in Trinidad. Jour. 
Imp. Coll. Trop. Agr. 8: 79-89. pl. 1, 2. Ap 1931. 

Broadway, M. E. Baby Cacti in the West Indies. Jour. Cactus 
& Succ. Soc. Am. 2: 440. Mr 1931. 

Broadway, W. E. Trinidad orchids. Orchid Rev. 39: 35. F 1931; 
109. Ap 1931. 

Brooks, M. M. The penetration of 1-naphthol-2-sulphonate 
indophenol, 0-chloro phenol indophenol and 0-cresol indo- 
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phenol into Valonia. Proc. Nat. Acad. Sci. 17: 1-3. 15 Ja 
1931. 

Brown, N. E. Some new species of Conophytum. Jour. Cactus & 
Succ. Soc. Am. 2: 425-429. f. 1-17. Mr 1931. 

Bush, B. F. Some Lacinaria species. Am. Midl. Nat. 12: 312- 
318. Mr 1931. 

Cabrera, A. L. Notas sobre compuestas de la Republica Argen- 
tina. Physis 10: 279-289. f. 1, 2. 30 Ja 1931. 

Cain, S. A. Ecological studies of the vegetation of the Great 
Smoky Mountains of North Carolina and Tennessee. I. 
Soil reaction and plant distribution. Bot. Gaz. 91: 22-41. 
f. 1-6. 18 Mr 1931. 

Cejp, K. Notes on Iowa species of the genus Irpex. Mycologia 
23: 130-133. f. 1.2 Mr 1931. 

Cheney, L. S. Wisconsin fossil mosses. Bryologist 33: 66-68. 
“S 1930” 13 Mr 1931. 

Chrysler, M. A. A fossil cycad in New Jersey. Science II. 73: 
209-210. 20 F 1931. 

Churchill, B. R. Investigations with oat varieties and diseases 
in the Upper Peninsula. Michigan Agr. Exp. Sta. Spec. 
Bull. 213: 1-15. f. 1-3. F 1931. 

Ciferri, R. Contributions to the classification of Torulopsida- 
ceae. I. An American variety of Torulopsis minuta. Myco- 
logia 23: 140-146. f. 7. 2 Mr 1931. 

Ciferri, R. A new variety of Eutorulopsis dubia Ciferri & Re- 
daelli. Zentralb. Bakt. 2 Abt. 83: 33-37. f. 1-3. 20 F 1931. 

Clayton, E. E. Cucumber disease investigations in Long Island. 
Geneva N. Y. Agr. Exp. Sta. Bull. 590: 1-20. f. 1-5. Ja 
1931. 

Clements, H. F. The upward movement of inorganic solutes in 
plants. State Coll. Washington Res. Stud. 2: 91-106. 
f. 1-5. “S 1930” 15 Ja 1931. 

Colley, M. W. Culture experiments with Pseudomonas tumefa- 
ciens. Am. Jour. Bot. 18: 211-214. f. 1. 23 Mr 1931. 

Colley, M. W. Notes on the technique of measuring the growth 
of bacteria with a nephelometer. Am. Jour. Bot. 18: 205- 
210. 23 Mr 1931. 

Collins, J. L., Hollingshead, L., & Avery, P. The Crepis setosa 
chromosomes present in Crepis artificialis; a correction of 
Tischler’s statement concerning autosyndesis among setosa 
chromosomes. Am. Nat. 65: 191-192. Mr 1931. 

Craig, W. N. Lily notes from America. Gard. Chron. 89: 86-87. 
f. 41, 42. 31 Ja 1931. 
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Critchell-Bullock, J. C. An expedition to sub-Arctic Canada, 
1924-1925. Canadian Field Nat. 45: 31-35. F 1931. 
Includes a list of plants collected between Sifton Lake and Aberdeen. 

Cross, G. L. Meristem in Osmunda cinnamomea. Bot. Gaz. 91: 
65-76. f. 1-15. 18 Mr 1931. 

Dale, E. E. Inheritance of dwarf in Capsicum. Papers Michigan 
Acad. Sci. 13: 1-4. Mr 1931. 

Dale, E. E. Maternal inheritance in a chlorophyll variegation in 
Capsicum. Papers Michigan Acad. Sci. 13: 5-8. pl. 1. Mr 
1931. 

Darlington, H. T. Vegetation of the Porcupine Mountains, 
northern Michigan. Papers Michigan Acad. Sci. 13: 9-65. 
pl. 2-28. Mr 1931. 

Davis, L. D. Some carbohydrate and nitrogen constituents of 
alternate-bearing sugar prunes associated with fruit bud 
formation. Hilgardia 5: 119-154. f. J—-12. Ja 1931. 

Dearness, J. Volvaria speciosa. Mycologia 23: 152-153. 2 Mr 
1931. 

Detwiler, S. B. The white pine blister rust situation. Jour. 
Forest. 29: 181-185. F 1931. 

Deuber, C. G. Chemical treatments to shorten the rest period 
of tree seeds. Science II. 73: 320-321. 20 Mr 1931. 

Dillman, A. C. The water requirement of certain crop plants and 
weeds in the northern Great Plains. Jour. Agr. Res. 42: 
187-238. f. 1-13. 15 F 1931. 

Dillon Weston, W. A. R. Virulency of Tilletia caries on wheat 
varieties. Nature 127: 483-484. 28 Mr 1931. 

Dolk, H. E. The movements of the leaves of the compass-plant, 
Lactuca scariola. Am. Jour. Bot. 18: 195-204. f. 1-8. 23 Mr 
1931. 

Dowding, E. S. Floral morphology of Arceuthobium america- 
num. Bot. Gaz. 91: 42-54. f. 1-11. 18 Mr 1931. 

Eames, A. J. The vascular anatomy of the flower with refuta- 
tion of the theory of carpel polymorphism. Am. Jour. Bot. 
18: 147-188. f. 1-29. 23 Mr 1931. 

Eaton, R. J. Cuscuta Polygonorum in New England. Rhodora 
33: 80. 7 Mr 1931. 

Edgecombe, A. E. Immunological relationship of wheats: re- 
sistant and susceptible to Puccinia rubigo-vera Triticina. 
Bot. Gaz. 91: 1-21. 18 Mr 1931. 

Edwards, W. N. W. Jongman’s Fossilium catalogus II. Plantae. 
Dicotyledones (Ligna). Part 17: 1-96. 1931. 

Emmons, C. W. Observations on Archorion gypsum. Mycologia 
23: 87-95. pl. 9, 10+-f. 1.2 Mr 1931. 
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Erlanson, E. W. A group of tetraploid roses in central Oregon. 
Bot. Gaz. 91: 55-64. f. 1-3. 18 Mr 1931. 

Erwin, A. T. Nativity of the cucurbits. Bot. Gaz. 91: 105-108. 
f. 1-3. 18 Mr 1931. 

Farwell, O. A. Concerning some species of Cornus of Philip 
Miller. Rhodora 33: 69-72. 7 Mr 1931. 

Featherly, H. I. A new species of grama grass. Bot. Gaz. 91: 
103-105. f. 1-4. 18 Mr 1931. 

Ferguson, M. A botanical problem. Science II. 73: 193-197. 
20 F 1931. 

Fernald, M. L. Some rare plants of Scotland. Jour. Bot. 69: 
8-10. Ja 1931. 

Frick, K. O. Three days afield in southern Arizona. Jour. Cactus 
& Succ. Soc. Am. 2: 438-440. dllust. Mr 1931. 

Fritz, E., & Bonar, L. The brown heart-rot of California red- 
wood. I. Notes on the development of the causal fungus. 
Jour. Forest. 29: 368-376; II. The etiology of the causal 
fungus. 377—380. f. 1-7. Mr 1931. 

Part I by E. Fritz, part 2 by L. Bonar, 

Frost, F. H. Specialization in secondary xylem of Dicotyledons. 
III. Specialization of lateral wall of vessel segment. Bot. 
Gaz. 91: 88-96. f. 1-8. 18 Mr 1931. 

Fuller, H. J. Stimulatory effects of radiation from a quartz 
mercury vapor arc upon higher plants. Ann. Missouri Bot. 
Gard. 18: 17-40. pl. 3. F 1931. 

Fuller, J. E., & Rettger, L. F. The influence of combined nitro- 
gen on growth and nitrogen fixation by Azotobacter. Soil 
Sci. 31: 219-234. Mr 1931. 

Gates, F. C. Botanical notes, 1928-1929. Trans. Kansas Acad. 
Sci. 33: 26-28. 1930. 

Gates, F. C., & Ehlers, J. H. Additions to an annotated list of 
the higher plants of the region of Douglas Lake, Michigan. 
II. Papers Michigan Acad. Sci. 13: 67—88. Mr 1931. 

Gates, R. R. The cytological basis of mutations. Am. Nat. 65: 
97-120. Mr 1931. 

Gielsdorf, K. LEchinocereus polyacanthus Engelm. Monats. 
Deutsch. Kakteen-Gesell. 3: 64. dllust. Mr 1931. 

Gielsdorf, K. Phyllocactus anguliger Lem. Monats. Deutsch. 
Kakteen-Gesell. 3: 56. illust. Mr 1931. 

Gilmore, M. R. Dispersal by Indians a factor in the extension 
of discontinuous distribution of certain species of native 
plants. Papers Michigan Acad. Sci. 13: 89-94. Mr 1931. 

Godbout, F. L. La travelure du pommier Venturia inaequalis 
(Cke.) Wint. Nat. Canadien 58: 25-31. f. 1-4. F 1931. 
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Godfrey, G. H. The host plants of the ‘‘burrowing’’ nematode 
Tylenchus similis. Phytopathology 21: 315-322. f. I-4. Mr 
1931. 

Graham, S. A. The effect of defoliation on tamarack. Jour. 
Forest. 29: 199-206. F 1931. 

Graves, E. W. Botrychium dissectum from Minnesota. Am. Fern 
Jour. 21: 21-24. Ja—Mr 1931. 

Griffiths, D., Wright, R. C., & Lumsden, D. V. Daffodil storage 
and forcing in 1930-31. Flor. Exch. 76: 9, 43. illust. 28 F 
1931. 

Guard, A. T. Development of floral organs of the soy bean. Bot. 
Gaz. 91: 97-102. f. /-16. 18 Mr 1931. 

Gustafson, F. G., & Laing, H. E. Growth studies on fruits. The 
effect of the removal of alternate flower clusters on the de- 
velopment of fruits in the tomato. Papers Michigan Acad. 
Sci. 13: 95-99. Mr 1931. 

Haas, A. R. C., & Klotz, L. J. Some anatomical and physiologi- 
cal changes in Citrus produced by boron deficiency. Hil- 
gardia 5: 175-194. pl. 1-4+f. 1-4. Ja 1931. 

Halperin, M. A taxonomic study of Poa bulbosa L. Univ. Cali- 
fornia Publ. Bot. 16: 171-183. 24 Mr 1931. 

Hansen, A. A. Indiana plants injurious to livestock. Purdue 
Univ. Agr. Exp. Sta. Circ. 175: 1-38. f. 1-28. J1 1930. 
Hastings, W. H. William Harmon Wright. 1885-1929. Phyto- 

pathology 21: 243-246. portrait. Mr 1931. 

Hedrick, J. Lichens from the State of Oklahoma. Papers Michi- 
gan Acad. Sci. 13: 101-110. Mr 1931. 

Heilborn, O. On some species of Tropaeolum from Ecuador. 
Ark. Bot. 23A®: 1-10. f. /-4. 1931. 

Heilborn, O. Section fruticosae Eich. of the genus Cleome L. 
Ark. Bot. 23A": 1-19. f. 1-6. 1931. 

Nine new species are described. 

Hill, A. G. Goldenrods. Bull. Gard. Club Am. 14: 26-31. Mr 
1931. 

Holm, T. The apparent influence of inulin on the meristem in 
roots of Compositae. Beih. Bot. Centralbl. 47: 359-377. 
f. 1-17. F 1931. 

Hortleder, A. Some anatomical features of Sorbopyrus auricu- 
laris. Trans. Kansas Acad. Sci. 33: 29-30. 1930. 

Hurley, C. C. The friendly mesquite. Desert 7: 141, 147. illust. 
Mr 1931. 

Jackson, H. S. The rusts of South America based on the Holway 
collections. III. Mycologia 23: 96-116. pl. 11+f. 1-5.2 Mr 
1931. IV. 332-364. f. 1-6. 1 S 1931. 
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Jensen, H. L. The fungus flora of the soil. Soil Sci. 31: 123-158. 
F 1931. 

Johansen, D. A. Jdria columnaris. Desert 2: 144, 145. Mr 1931. 

Johnson, A. T. Some spring flowers of special merit. Gard. 
Chron. Am. 35: 47, 55. allust. F 1931. 

Johnston, C. O. Some new or unusual disease developments on 
wheat in Kansas. Trans. Kansas Acad. Sci. 33: 31-40. 1930. 

Jones, A. T. Trees with twisted bark. Science II. 73: 341. 27 
Mr 1931. 

Jones, M. E. The species of the Cactus family. Desert 2: 140, 
142. allust. Mr 1931. 

Karper, R. E. Multiple seeded spikelets in sorghum. Am. Jour. 
Bot. 18: 189-194. f. 1, 2. 23 Mr 1931. 

Kearney, T. H. Plants new to Arizona (an annotated list of 
species added to the record flora of the State or otherwise 
interesting). Jour. Washington Acad. Sci. 21: 63-80. 4 Mr 
1931. 

Kelley, A. P. The concept of mycorrhiza. Mycologia 23: 147- 
151. 2 Mr 1931. 

Koch, L. W. Spur blight of raspberries in Ontario caused by 
Didymella applanata. Phytopathology 21: 247-287. f. 1-11. 
Mr 1931. 

Kulkarni, C. G. Inheritance studies of white-capping in yellow 
Dent maize II. Papers Michigan Acad. Sci. 13: 111-129. 
Mr 1931. 

Lamson, R. W. Evidence of biologic relationships among species 
of Chenopodiales. Proc. Soc. Exp. Biol. & Med. 28: 502- 
504. 1931. 

La Rue, C. D. The water supply of the epidermis of leaves. 
Papers Michigan Acad. Sci. 13: 131-139. Mr 1931. 

Linder, D. H. Brief notes on the Helicosporeae with descriptions 
of four new species. Ann. Missouri Bot. Gard. 18: 9-16. 
pl. 24+f. 1, 2. F 1931. 

Linder, D. H. The genus Helicoceras. Ann. Missouri Bot. Gard. 
18: 1-8. pl. 1. F 1931. 

Lindford, M. B. Yellow-spot disease of pineapples transmitted 
by Thrips tabaci Lind. Science II. 73: 263. 6 Mr 1931. 
Lloyd, F. E. The range of structural and functional variation in 
the traps of Utricularia. Flora II. 25: 260-276. f. I-13. 

1931. 

Lohman, M. L. A study of Glonium parvulum in culture. Papers 
Michigan Acad. Sci. 13: 141-156. pl. 29-31. Mr 1931. 
McArdle, R. E. Determining the identity of mycorrhiza-forming 

fungi. Papers Michigan Acad. Sci. 13: 159-164. Mr 1931. 
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McClintock, B., & Hill, H. E. The cytological identification of 
the chromosome associated with the R-G linkage group in 
Zea Mays. Genetics 16: 175-190. f. 1-4. Mr 1931. 

McCrea, A. Longevity of conidia of common fungi under labo- 
ratory conditions. Papers Michigan Acad. Sci. 13: 165-167. 
Mr 1931. 

McCully, A. American alpines in the garden. i—xii, 1-251. illust. 
New York, Macmillan Co., 1931. 

Mangelsdorf, P. C., & Fraps, G. S. A direct quantitative rela- 
tionship between vitamin A in corn and the number of 
genes for yellow pigmentation. Science II. 73: 241-242. 27 
F 1931. 

Markwardt, L. J. The distribution and the mechanical proper- 
ties of Alaska woods. U. S. Dept. Agr. Tech. Bull. 226: 
1-79. pl. 1-9+f. 1-7. F 1931. 

Melchers, L. E. Wheat mosaic in Egypt. Science II. 73: 95—96. 
23 Ja 1931. 

Metcalf, F. P. Herbaria in China. Part I. Lingnan Sci. Jour. 9: 
351-356. D 1930. 

Miller, M. R. The toxicity of Corydallis caseana. Jour. Agr. Res. 
42: 239-243. 15 F 1931. 

Miller, P. A., & Barrett, J. T. Cantaloupe powdery mildew in 
the Imperial Valley. California Agr. Exp. Sta. Bull. 507: 
1-36. f. 1-13. F 1931. 

Moldenke, H. N. Three new species of Aegiphila from Central 
America. Trop. Woods 25: 12-17. 1 Mr 1931. 

Moore, C. S., & Moore, L. B. Some desmids of the San Juan 
Islands. Publ. Puget Sound Biol. Sta. 7: 391-392. 30 D 
1930. 

Morgan, W. P. Flower forms in hybrid Freesias. Jour. Heredity 
21: 483-488. f. 14+ frontispiece. D 1930. 

Morris, F. Lady slippers of eastern North America. New Flora 
& Silva 3: 77-81. pl. 26-30. Ja 1931. 

Moseley, E. L. Some plants that were probably brought to 
northern Ohio from the west by Indians. Papers Michigan 
Acad. Sci. 13: 169-172. Mr 1931. 

Mumm, W. J., & Woodworth, C. M. Heritable characters in 
maize. XXXVI. A factor for soft starch in Dent corn. Jour. 
Heredity 21: 503-505. f. 9, 10. D 1930. 

Norton, A. H. Littorella americana in Washington County, 
Maine. Rhodora 33: 79. 7 Mr 1931. 

Osterhout, W. J. V., & Hill, S. E. Electrical variations due to 
mechanical transmission of stimuli. Jour. Gen. Physiol. 14: 
473-485. f. 1-12. 20 Mr 1931. 
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Overholts, L. O. Diagnoses of American Porias—III. Some addi- 
tional brown species, with a key to the common brown spe- 
cies of the United States and Canada. Mycologia 23: 117- 
129. pl. 12-14. 2 Mr 1931. 

Palmer, E. F. Haphazard vs. studied crosses. Gladiolus Rev. 8: 
70—72. allust. F 1931. 

Parker, K. W., & Sampson, A. W. Growth and yield of certain 
Gramineae as influenced by reduction of photosynthetic 
tissue. Hilgardia 5: 361-381. f. 1-8. Mr 1931. 

Perry, L. M. Concerning a California Convolvulus. Rhodora 33: 
76-77. 7 Mr 1931. 

Phillis, E. Cotton notes. Transport of nitrogenous substances in 
the cotton plant. Jour. Imp. Col. Trop. Agr. 8: 36-37. F 
1931. 

Povah, A. H. Fungi of Rock County, Michigan. Papers Michi- 
gan Acad. Sci. 13: 173-189. f. 12-14. Mr 1931. 

Quisenberry, K. S. Inheritance of winter hardiness, growth 
habit, and stem-rust reaction in crosses between Minhardi 
winter and H-44 spring wheats. U. S. Dep. Agr. Tech. Bull. 
218: 1-43. pl. 1-3+f. 1-5. Ja 1931. 

Randolph, J. F. Vector methods as a basis for mathematical 
formulation of the data of Oenothera genetics. Papers Michi- 
gan Acad. Sci. 13: 191-211. f. 15-26. Mr 1931 

Raup, L. C. The lichen flora of the Shelter Point region, Atha- 
basca Lake. Bryologist 33: 57-66. pl. 6-9. “‘S 1930” 13 Mr 
1931. 

Rawlins, T. E., & Horne, W. T. ‘‘Buckskin,”’ a destructive 
graft-infectious disease of cherry. Phytopathology 21: 331- 
335. f. 1, 2. Mr 1931. 

Reynolds, E. S. Studies on the physiology of plant disease. Ann. 
Missouri Bot. Gard. 18: 57-95. f. 1. F 1931. 

Rhoades, M. M. Cytoplasmic inheritance of male sterility in 
Zea Mays. Science II. 73: 340-341. 27 Mr 1931. 

Richards, B. L., & Tompkins, C. M. The late blight of the sugar 
beet. Phytopathology 21: 289-314. f. 1-4. Mr 1931. 

Roldan, E. F. Bacterial stem-rot disease of hybrid seedling 
canes. Science II. 73: 186. 13 F 1931. 

Rudolph, B. A. Verticillium hadromycosis. Hilgardia 5: 197- 
353. pl. 1-4. Mr 1931. 

Sameshima, J. Succulent plants in Japan. Desert 2: 143. lust. 
Mr 1931. 

¢ Schaffner, J. H. Principles of plant taxonomy. IX. Ohio Jour. 
Sci. 30: 261-272. f. 1-3. Jl 1930: X. Ohio Jour. Sci. 31: 
77-96. Mr 1931. 
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Schlechter, R. Bliitenanalysen neuer Orchideen. I. Siidameri- 
kanische Orchideen. Reprt. Spec. Nov. Beih. 58: pil. 1-60. 
15 S 1930; II. Mittelamerikanische Orchideen. Repert. 
Spec. Nov. Beih. 59: pl. 1-47. 1 Mr 1931; pl. 49-81. 1931. 

Schmidt, P. Poinsettia pulcherrima der mexikanische Weih- 
nachtsstern. Gartenflora 80: 1—2. illust. Ja 1931. 

Sharp, A. J. Extension of the ranges for three rare mosses. Bry- 
ologist 33: 69. “‘S 1930” 13 Mr 1931. 

Shaw, M. C. The tree of mystery. Gard. Chron. Am. 35: 87-88. 
illust. Mr 1931. 


Washington fan palm. 


Shull, J. M. Rainbow fragments. A garden book of the Jris with 
illustrations in full color. 1-317. illust. Garden City, N. Y. 
Country Life Press, 1931. 

Small, J. K. Altitudinal distribution of eastern American /ris. 
Jour. N. Y. Bot. Gard. 32: 49-66. f. 1-10. Mr 1931. 

Small, J. K. Palms of the continental United States. Sci. 
Monthly 32: 240-255. illust. Mr 1931. 

Steere, W. C. Meesea triquetra. Rhodora 33: 77-79. pl. 205. 7 
Mr 1931. 

Steere, W. C. Petunia Parodii, a new species of the subgenus 
Pseudonicotiana from Argentina. Papers Michigan Acad. 
Sci. 13: 213-215. pl. 32-34. Mr 1931. 

Steinmetz, F. H. A new station for Littorella americana. Rho- 
dora 33: 79-80. 7 Mr 1931. 

Stevens, F. L. The ascigerous stage of Colletotrichum lagenarium 
induced by ultra-violet irradiation. Mycologia 23: 134-139. 
f. 1-3. 2 Mr 1931. 

Stevens, N. E. The spread of cranberry falseblossom in the 
United States. U. S. Dep. Agr. Circ. 147: 1-18. f. 1, 2. Ja 
1931. 
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